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ABSTRACT 
 Methane (CH4), nitrous oxide (N2O), and carbon dioxide (CO2) fluxes from agricultural 
landscapes may contribute significantly to regional greenhouse gas budgets due to stimulation of 
soil microbial activity through fertilizer application.  Few studies have made measurements of 
CH4, N2O, and CO2 from the dominant landscape features of the agricultural landscape: 
farmland, riparian zone, and wetland habitat.  This study assessed gas emission variability from 
the Mississippi Delta agricultural landscape and explored the effects of hydrology and 
hydrophytic vegetation on gas emissions.   
 Gas collection chambers were utilized to make gas measurements from soybean and corn 
farmland, vegetated riparian buffer, and two vegetated wetlands in summer of 2013.  CH4 
emissions were highest in the wetland, CO2 emissions were highest in the riparian zone, and N2O 
emissions were highest in the farmland. Percent soil moisture was lowest in the farmland and 
increased into permanently-flooded wetlands. CH4 emissions were positively-correlated with soil 
moisture (R2=0.31), while N2O emissions were negatively-correlated (R2=0.29).  CO2 emissions, 
fit with a polynomial trendline, were significantly-correlated with soil moisture (R2=0.33).    
 To assess the effect of hydrophytic vegetation on wetland and riparian zone gas 
emissions, aboveground vegetation was clipped at the soil surface prior to gas sampling and 
compared to vegetated chambers.  Wetland vegetation had no effect on gas emissions, while 
riparian zone vegetation had a slight inhibitory effect on gas emissions. 
 Gas emissions were compared between two wetlands with contrasting hydrologic 
regimes, yet existing in the same drainage system.  One wetland was used for agricultural 
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irrigation and thus experienced fluctuating water levels, while the other wetland had stagnant 
conditions due to upstream beaver activity and impoundments.  CH4 emissions were higher 
under stagnant hydrologic conditions, whereas CO2 emissions were identical between the two.  
N2O consumption occurred under stagnant conditions, and N2O emission occurred under 
fluctuating hydrologic conditions.   
 This study indicates that gas emission hotspots exist on the agricultural landscape and are 
influenced by distinct habitat soil moisture levels.  Hydrophytic vegetation did not play an 
important role in gas emissions, but hydrologic variability was important in creating conditions 
suitable for microbial gas production and emission.     
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CHAPTER 1 
 
INTRODUCTION 
 
 Methane (CH4), nitrous oxide (N2O), and carbon dioxide (CO2) are potent greenhouse 
gases that exacerbate the effects of global climate change.  CH4 and N2O have a global warming 
potential 21 and 310 times that of CO2, respectively.  Wetlands contribute 25% to the global CH4 
budget through methanogenic archaea, which produce CH4 during organic matter fermentation or 
through CO2 reduction (Le Mer and Roger 2001).  Atmospheric N2O sources are mainly natural 
with microbial processes, nitrification and denitrification, in agriculturally-impacted soils 
contributing more than 65% to the global N2O budget (Bedard-Haughn et al. 2006, USEPA 
2012).  Alteration of the atmospheric CO2 balance has occurred through anthropogenic activity, 
though natural systems can act as a source or sink (USEPA 2011a).  Understanding sources of 
CH4, N2O, and CO2 in natural systems is an important component in atmospheric budget 
development and environmental management strategies. 
 Regions of dominant agriculture in the Mississippi River Basin are highly-managed 
areas, with fertilizer application and water management practices inherent in the operation.  
Fertilizer application adds a significant amount of bioavailable N to terrestrial systems and can 
leach into riparian and wetland habitat through groundwater and overland flowpaths (Goolsby et 
al. 2001, Heathwaite et al. 2005).   Variable hydrological conditions can also be found in an 
agricultural setting, ranging from periodically wet in farmland to permanently wet in adjacent 
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wetlands.    Hydrologically-facilitated habitat connectivity can create hotspots of microbial gas 
production with locational differences in moisture and nutrients causing spatial variability on the 
landscape (McClain et al. 2003).  
 Of the numerous factors influencing gas emissions, soil redox potential and hydrological 
conditions are among the highest in importance (Koh et al. 2009).  Surface water level 
fluctuations in wetlands have been found to greatly influence CH4 (Altor and Mitsch 2006) and 
N2O emissions (Hernandez and Mitsch 2007) due to effects on soil redox potential, which, in 
turn, regulate microbial respiratory pathways.  In agricultural land, CH4 emissions are generally 
low due to absence of anoxic conditions suitable for methanogenesis (Imer et al. 2013).  N2O and 
CO2 emissions have been found to be higher from agricultural land than CH4 emissions due to 
greater aerobic microbial activity (Imer et al. 2013). Wetland hydrophytes are also recognized as 
important factors in gas emission pathways as they can introduce O2 and nutrients into hypoxic 
soils (Colmer 2003, Sun et al. 2012).  Specific adaptations to wetland conditions allow 
hydrophytes to transport sediment gases to the atmosphere by passive conductance through 
internal air spaces, called aerenchyma (Cronk and Fennessy 2001).  Conversely, plants can 
negatively affect gas emission rates as O2 transported through aerenchyma to the roots is leaked 
into the surrounding soil, creating an oxidizing root rhizosphere inhabited by bacteria which can 
intercept and metabolize gases before transport to the atmosphere (Fritz et al. 2011).   
 Gas emission research has been largely constrained to a specific habitat on the 
agricultural landscape as opposed to across habitats.  Much is known of CH4 emissions from 
agriculturally-impacted wetland systems (Tanner et al. 1997, Gleason et al. 2009) and feedlot 
agriculture (Johnson and Johnson 1995, Beauchemin and McGinn 2006), with less research done 
in row crop agriculture.  Several studies have measured N2O emissions from row crop 
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agriculture (Flessa et al. 2002, Petersen et al. 2006), while field measurements in agriculturally-
impacted wetlands are rare.  Much research on CO2 fluxes has been performed in peatlands and 
natural wetlands (Bubier et al. 2003, Glatzel et al. 2004), though fewer studies have examined 
emissions from agriculturally-impacted habitats (Flessa et al. 2002). Microbial transformations 
of nutrients represent an important step in greenhouse gas cycles though little is known of how 
these processes vary according to distinct locations in an agricultural setting and what factors 
influence variability.  
 Measurements of CH4, N2O, and CO2 emissions from agricultural settings in the 
Mississippi River Basin are rare despite the potential for high emissions.  In this study, gas 
measurements were made in multiple habitats commonly found on agricultural landscapes of the 
Mississippi Delta in order to assess gas flux variability.  The results of this study characterize 
biotic and abiotic interactions with gas emissions to determine hotspots of greenhouse gas 
emission and the influential factors regulating the process.   
 The purpose of this study was to: (1) examine the effect of vegetation on gas emissions 
from agriculturally-impacted wetland and riparian habitats; and (2) assess the role of hydrology 
in gas emission variability from multiple habitats on the agricultural landscape.  The role of 
hydrophytic vegetation on gas emissions was assessed to understand spatial variability in riparian 
and wetland areas.  Due to the strong hydrological effects on microbial processes, correlations 
between soil moisture and gas emissions from farmland, riparian zone, and wetland were 
explored.   
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CHAPTER 2 
 
LITERATURE REVIEW 
 
2.1 Carbon and Nitrogen Cycling 
 Carbon (C) and nitrogen (N) dynamics are important in small, headwater systems 
because it is there that the highest rates of nutrient transformation and export occur, compared to 
large streams and rivers (Peterson et al. 2001).  Wetlands are especially dynamic systems in 
headwater regions due to their location at the interface of terrestrial and aquatic habitats, high 
biodiversity, and habitat heterogeneity within the wetland.  The movement and concentrations of 
C and N in wetlands is influenced by plant assimilation, microbial transformation, and 
downstream export.  While plant assimilation represents a temporary loss of readily-available 
nutrients from the system, downstream export is a permanent loss from the wetland.  Microbial 
transformations of C and N are complex processes that can act to retain or export nutrients from 
wetlands.  Wetland microbes can export C and N permanently from the system through the 
formation of gas metabolites which diffuse into the atmosphere.  Understanding the factors that 
control greenhouse gas export mechanisms from wetland systems is important for the 
development of management strategies to improve air quality and global warming mitigation.   
2.2 Greenhouse Gas Characteristics  
 Greenhouse gases emitted from wetlands include nitrous oxide (N2O), methane (CH4), 
and carbon dioxide (CO2), which are recognized for their ability to contribute to global warming 
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(Vitousek 1994; USEPA 2011b).  Greenhouse gas accumulation in the atmosphere magnifies the 
effects of global warming by increasing atmospheric radiation absorption reflected by Earth’s 
surface (Anderson and Levine 1986; Dickinson and Cicerone 1986).  Further, N2O diffusion into 
the stratosphere catalyzes ozone-depletion reactions that permit harmful ultraviolet (UV) rays to 
reach Earth’s surface (Anderson and Levine 1986; USEPA 2010).  Harmful UV radiation has 
been linked to deadly skin cancers, cataracts, and immune suppression in humans (USEPA 
2011c).  CO2 is the most abundant greenhouse gas, yet the global warming potential, or measure 
of heat trapping capacity, of CH4 and N2O is 21 and 310 times the global warming potential of 
CO2, respectively (IPCC 2007; USEPA 2011c).  Biotic and abiotic factors can significantly 
impact the aerobic and anaerobic microbial respiratory pathways that produce the greenhouse 
gases that are emitted from wetlands.  Because of the complexity of factors influencing gas flux 
rates from wetlands, understanding the interaction of these factors is critical to the development 
of management strategies focused on emission reductions.  
2.3 Hydrologic Effects on Emissions  
 Greenhouse gas emissions from wetlands are strongly affected by hydrologic conditions.  
Water table levels can affect gaseous emissions from wetlands in two ways.  First, high water 
levels maintain hypoxic, or oxygen-depleted, conditions in the sediments that provide suitable 
conditions for greenhouse-gas producing bacteria and archaea.  Second, high water levels 
increase the distance gases must diffuse up the water column thereby retarding gas emission 
through vertical diffusion (Bubier and Moore 1994).  Studies have shown that permanently-
flooded wetlands produce more CH4 than wetlands with intermittent wet and dry periods (Altor 
and Mitsch 2006).  Furthermore, an intermittent flooding regime has been found to increase N2O 
emissions compared to permanently-flooded conditions (Hernandez and Mitsch 2006).    
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Hernandez and Mitsch (2007) attribute this observed effect to the complexity of the N cycle, 
which proceeds most rapidly when aerobic nitrification and anaerobic denitrification processes 
occur frequently.  Differences in the way C and N cycles are affected by dissolved oxygen (DO) 
concentrations for greenhouse gas production is likely the cause for the differences in CH4 and 
N2O emissions from wetlands.  These studies suggest that water table effects on DO 
concentrations are of greater importance in gas emission rates than water table effects on gas 
diffusivity distances. 
 Water flow rates can play a role in creating conditions favorable for greenhouse gas 
emissions.  Low water flow rates in wetlands maintain a state of hypoxia, creating an 
environment in the water and sediments that is conducive to microbial anaerobic respiration and 
nutrient transformation (Harrison et al. 2005).  The onset of hypoxia in wetland sediments leads 
to the sequential use of other electron acceptors that produce lower energy yields than that of 
organic matter oxidation.  In the absence of O2, microbes will utilize Manganese (Mn4+) as an 
electron acceptor first as it produces the next-greatest energy yield (Kirchman 2012).  Following 
the reduction of Mn4+, the reduction of Nitrate (NO3-), Iron (Fe3+), Sulfate (SO42-), and CO2 
proceed with decreasing energy production in order from first to last (Kirchman 2012).  
Biogeochemical cycling of N and C by microbial processes occurring in anaerobic environments 
of wetlands results in significant emissions of CH4 and N2O to the atmosphere through 
methanogenesis and denitrification (Reddy et al. 1989; Boon and Mitchell 1995).  Low water 
flow rates also minimize turbulence that can homogenize DO concentrations through the infusion 
of oxygen-rich water by vertical mixing.  Finally, low water flow rates increase water residence 
time and contact with the sediments, allowing for greater microbial transformation of nutrients 
(Alexander et al. 2000).  
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2.4 Edaphic Effects on Emissions  
 Edaphic factors exhibit temporal and spatial variability that can play a large role in 
greenhouse gas emissions from wetlands.  Wetland sediment nutrient characteristics display 
seasonal variability as agricultural runoff during the growing season and plant senescence in the 
fall affect nutrient availability.  Oxidation-reduction (redox) potential, or the capacity for 
oxidation and reduction reactions, is a very important factor driving microbial processes in 
sediments and can vary spatially and temporally due to sediment organic matter heterogeneity 
(Zhai et al. 2012; Dušek et al. 2008).  Redox potential in sediments is very closely linked to 
ambient DO concentrations because oxygen (O2) is a strong electron acceptor used in aerobic 
metabolism (Kirchman 2012).  Diel fluctuations of DO in the water and sediment, caused by 
photosynthetic O2 production and respiratory O2 consumption, greatly influence the rates and 
products of microbial processes (Harrison et al. 2005).  Due to spatial and temporal variability of 
DO in wetland sediments, redox potential can vary temporally and spatially as well. Spatial 
variability is introduced in other ways due to the presence of rooted wetland plants, variable 
microbial community structure, and abiotic heterogeneity, such as variable organic matter 
availability and soil moisture content.    The type of sediments themselves can also impact 
greenhouse gas emission rates due to gas diffusivity characteristics and nutrient-adsorptive 
capacity (Chanton et al. 1989).  
2.5 Biologic Effects on Emissions  
 Biologic factors in the form of photosynthetic plants and algae can have significant 
impacts on greenhouse gas emissions from wetlands.  In the presence of sunlight, O2, a 
photosynthetic end-product, is released into wetland waters by plants and algae.  Plant, algal, and 
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microbial respiration, however, occurs at all times and can consume much of the available O2 in 
the water during nocturnal periods in the absence of photosynthesis.  The diel fluctuations of 
water oxygenation and microbial-mediated de-oxygenation can have large impacts on the rates 
and products of microbial reactions in sediments (Harrison et al. 2005).  Wetland plants and 
algae can also provide organic matter through decomposition or in the form of root exudates, 
which is an important source of electrons for microbial processes (Dahm 1981; Reddy et al. 
1989).  Rooted wetland plants facilitate greenhouse gas emissions from wetland sediments 
through their effects on O2 dynamics, organic matter availability, and gas transport mechanisms.   
 Aquatic rooted plants are influential in shaping the sediment characteristics and are 
believed to be an important factor in gas emission rates from wetlands (Picek et al. 2007).  
Wetland vegetation has evolved lacunae, specialized tissue with intercellular spaces for air flow 
that allows gaseous movement to and from belowground root structures (Cronk and Fennessey 
2001).  Wetland plant roots require O2 for aerobic respiration, yet they exist in a hypoxic 
medium that lacks the necessary O2 to sustain them.  The importance of the lacunae, and the 
aerenchyma cells that make up the lacunae, is to allow for necessary O2 to be transported to 
belowground roots and rhizomes for plant survival (Cronk and Fennessey 2001).  Studies have 
found that O2 leakage by plant roots into the surrounding hypoxic sediment, called radial O2 loss, 
creates small oxygenated microsites (Reddy et al. 1989).  Radial O2 loss has been shown to be 
higher from emergent plants than submerged plants indicating variability in sediment 
oxygenation (Chen and Barko 1988). Significant differences have also been found across species 
of emergent plants due to morphological characteristics such as root-to-shoot ratio (Kludze and 
DeLaune 1996).   Radial O2 loss is believed to occur to prevent the accumulation of reduced 
phytotoxic metals around the roots (Kowalchuk et al. 1998).  It is at these oxic-anoxic interfaces 
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that both aerobic and anaerobic microbial processing can take place at high rates, stimulated by 
plant organic exudates.  These sites can vary spatially as well as temporally around the rhizome 
of a single plant or across an entire wetland.     
2.6 Gas Conductance by Wetland Plants  
 Wetland vegetation plays an important role in the movement of greenhouse gases from 
sediment to atmosphere.  Wetlands plants carry out active transport of gases through aerenchyma 
in the plant stem as opposed to passive diffusion up the water column.  Through active transport, 
gases produced in the sediment are moved up the plant stem and released to the atmosphere 
through leaf stomata.  In certain wetland systems, plant conductance of gaseous microbial 
metabolites has been shown to be higher than passive diffusion to the atmosphere (Whiting and 
Chanton 1992).  Gas emission differences in emergent, freshwater monocot genera, Carex and 
halophytic, or salt-tolerant, Typha (Morrissey et al. 1993) have been found, as well as between 
C3- and C4-photosynthesis species, Phragmites australis and Spartina alterniflora, respectively 
(Cheng et al. 2007).  Variability in gas emissions from wetland plants is due to biomass 
thickness and the presence of root structures within the sediment.  Roots facilitate sediment gas 
uptake into the plant, where the gas travels up and out of the plant through the leaf stomata, 
bypassing the oxidative sediment-water interface (Whalen 2005).  The sediment-water interface 
is habitat to microbial communities of methanotrophs and denitrifiers that have the potential to 
intercept CH4 and N2O gases that diffuse upwards, providing energy for their own cellular 
functions. 
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2.7 Microbial Methane Production  
 Carbon cycling in wetlands has the ability to produce greenhouse gases with CH4 
emissions from wetlands comprising roughly 25% of global CH4 emissions to the atmosphere 
(Whalen 2005).  The C cycle in wetlands is driven by photosynthetic organisms which sequester 
carbon from the air in the form of CO2 and convert it into biomass.  Biomass decomposition into 
labile forms, such as dissolved organic carbon (DOC), expedites C cycling in wetlands by 
recirculating nutrients and converting them into forms that can be readily assimilated (Dahm 
1984).  CO2 is released from organism respiration, which occurs continuously regardless of 
photosynthetic activity.  During microbial decomposition of organic matter in hypoxic wetland 
sediments, CH4 can be produced as a byproduct of the anaerobic fermentation process of 
methanogenesis (Mitsch and Gosselink 2007).  Due to high primary production and hypoxic 
sediments in wetlands, CO2 and CH4 emissions can contribute significantly to atmospheric 
greenhouse gases.  
 Methanogenesis is a microbial respiratory pathway that generates CH4 as a byproduct of 
the reduction of CO2 or other organic acids (Boon and Mitchell 1995). This process occurs at 
very low redox potentials and is the last step in organic matter decomposition.  CH4 emission 
rates are dependent on several environmental factors in wetlands.  Methanogenic archaea are 
greatly affected by the presence of O2 and require redox potentials less than -150 mV for 
initiation of methanogenesis (Wang et al. 1993; Mitsch and Gosselink 2007).  Koh et al. (2009) 
found that overall soil temperature and soil redox potential were the most important factors 
explaining CH4 and CO2 emissions from wetland sediments of differing hydrologic conditions.  
Further, studies of CH4 production in wetland sediments found that a dissolved organic matter 
pool is the principal limiting factor in methanogenic activity, rather than ambient temperature or 
11 
 
DO concentrations (Updegraff et al. 1995; Whalen 2005).  The results of studies conducted on 
CH4 emissions from wetlands indicate that methanogenic patterns are complex and can exhibit 
significant spatial and temporal variability. 
 For CH4 to be released to the atmosphere, it must pass up through the sediments and 
water column, where media-specific gas diffusivity characteristics inhibit upward diffusion 
(Hamamoto et al. 2012).  During diffusion, methanotrophic interception of CH4 can significantly 
decrease net atmospheric CH4 release (Whalen 2005).  It has been demonstrated that up to 90% 
of CH4 produced in wetland sediments is oxidized before reaching the atmosphere (King 1990; 
Whalen 2005).  Although rooted wetland plants actively transport CH4 through plant lacunae, 
studies have shown that CH4-oxidizing bacteria are additionally present in plant rhizospheres, 
root surfaces, and possibly within plant stems (Gerard and Chanton 1993; Gilbert and Frenzel 
1995).  The complexity of environmental factors influencing CH4 emissions from wetlands 
hinders the pursuit of a clear understanding of the principal controlling factors and leads to 
speculative and inferential conclusions.   
2.8 Microbial Nitrous Oxide Production 
 Agricultural wetlands receive allochthonous N inputs from sources other than agricultural 
runoff.  Other significant sources of bioavailable N can include riparian zone plant senescence 
and wet atmospheric deposition.  The spatial and temporal variability of N sources to agricultural 
wetlands results in variable N processing rates in wetlands.  Factors that influence microbial N 
transformations include seasonal nutrient patterns, diel DO fluctuations, presence of rooted 
vegetation, and abiotic factors, such as redox potential and organic matter availability.  Nitrogen 
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dynamics in wetlands have the capacity to contribute significant amounts of gaseous emissions 
to the atmosphere through microbial N transformations. 
 Due to the high global warming potential of N2O and its potential impact in stratospheric 
ozone depletion, a greater understanding of N2O fluxes and N cycling in natural systems is 
important to develop mitigation strategies.  N uptake by plants is a significant, temporary export 
pathway in wetlands, but microbial N transformations can permanently export N from wetlands 
in gaseous form.  Two principal N microbial transformations include nitrification, which 
converts ammonium (NH4+) into NO3- in the presence of O2, and denitrification, which converts 
NO3- into N2O or N2 gas in the absence of O2.  Microbial nitrification and denitrification can 
occur simultaneously in oxygenated and deoxygenated wetland sediments, emitting N2O through 
microbial respiratory pathways (Reddy et al. 1989).  Coupled nitrification and denitrification 
reactions often occur on sediment-water interfaces (Risgaard-Petersen et al. 1994) and on root 
rhizospheres (Ottosen et al. 1999) because of the presence of oxic and anoxic environments.  It is 
at these locations that NO3- products of aerobic nitrification can diffuse into nearby anoxic zones 
where it is rapidly denitrified through anaerobic denitrification leading to a coupled effect 
(Martin and Reddy 1996).   Oxic-anoxic sites at sediment-water interfaces and in plant 
rhizospheres have been called “hotspots” of microbial activity and nutrient cycling due to the 
diversity of organisms that exist there (Hedin et al. 1998; McClain et al. 2003).  Though NO3- 
and N2 products of nitrification and denitrification do not affect greenhouse gas emissions in 
themselves, studies have shown that these microbial processes can, at times, produce N2O when 
the reactions do not go to completion (Ma et al. 2008).   
 Denitrification is considered to be a larger source of N2O emissions than nitrification in 
most sediment conditions, yet nitrification under aerobic conditions can emit significant amounts 
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of N2O as well (Williams et al. 1998).  Instead of NO3- and N2 products from nitrification and 
denitrification, respectively, N2O can be formed as a byproduct of both microbial processes from 
incomplete enzymatic reduction and oxidation of N substrate (Yu and Patrick 2003; Barnard et 
al. 2005; Yu et al. 2008).  A generalized model for nitrification and denitrification gas 
production was developed by Parton et al. (1996) showing how sediment conditions can 
influence microbial gas emissions.  There is overlap in nitrification and denitrification 
controlling factors based on the generalized model with soil texture, inorganic N, temperature, 
and water-filled pore space impacting both microbial processes (Parton et al. 1996).  N2O 
emissions from nitrification are generally due to nitrifier denitrification and have been found to 
be sensitive to temperature as well as labile C and NH4+ availability (Wrage et al. 2001; 
Avrahami et al. 2003).  Similarly, controls on N2O emissions from denitrification in sediments 
include DO, NO3- availability, and redox potential, which influences complete microbial 
reduction capacity (Letey et al. 1981; Reddy and D’Angelo 1997; Bollmann and Conrad 1998).  
Wetland N2O emissions from nitrification have been shown to peak in summer months and are 
higher in vegetated sediments compared to non-vegetated sediments (Inamori et al. 2008; 
Forshay and Dodson 2011).  Similarly, wetland N2O emissions from denitrification were found 
to peak in spring and were also higher in vegetated sediments compared to non-vegetated 
sediments (Forshay and Dodson 2011). 
2.9 Microbial Communities in Wetlands  
 Little is known about freshwater wetland microbial community structure and the 
controlling factors of microbial distribution and diversity despite their importance in regulating 
nutrient biogeochemical cycling (Hartman et al. 2008).  Microbial communities form the 
foundation of the nutrient cycling capacity of wetlands and are the organisms responsible for 
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wetland greenhouse gas emissions, yet they have only begun to be studied in depth in the last 
two decades due to recent advances in technology (Tiedje et al. 1999).  As a result of these 
technological advances, microbial communities have been shown to differ spatially according to 
depth intervals down a vertical sediment profile (Jackson et al. 2009) and according to sediment 
organic matter content (D’Angelo et al. 2005), an important material driving anaerobic 
processes.    
 Wetland sediment microbial communities differ greatly between vegetated and non-
vegetated sediments (Bodelier et al. 1996), and even between emergent macrophyte species 
(Angeloni et al. 2006).  Kowalchuk et al. (1998), however, found no differences in NH4+-
oxidizing bacterial community structure across varying O2 levels, suggesting that physiologic 
adaptation to environmental conditions ensures microbial survival under stress-inducing 
conditions.  Wetland microbial community composition can also exhibit extensive variability 
between wetland systems in a similar region, such as between North Carolina coastal wetlands 
and the Florida Everglades (Hartman et al. 2008).  Microbial community diversity in wetlands is 
affected by many biotic and abiotic factors, with much variation found between wetland systems.  
This has led researchers to pursue a better understanding of the patterns of microbial community 
composition and diversity in wetlands. 
2.10 Current Research 
 Within the United States of America and internationally, there is an increased effort to 
understand the factors that affect greenhouse gas emission rates from wetlands that drain 
agricultural land.  Leading American wetland researcher, William Mitsch, has sought to 
understand greenhouse gas dynamics in wetlands under altered flooding regimes (Hernandez and 
15 
 
Mitsch 2006).  Studies conducted by the United States Geological Survey (USGS) and the 
United States Department of Agriculture – Agricultural Research Services (USDA-ARS) have 
explored spatial heterogeneity (Phillips and Beeri 2008), wetland history (Miller et al. 2012), and 
microbial processes (Lowrance et al. 1995) and their effects on wetland greenhouse gas 
emissions. In 2009, the Indonesian government committed to reducing greenhouse gases by 26% 
from leading sources, such as agricultural wetlands, by studying natural mechanisms of emission 
(Abdul et al. 2011).  Other studies abroad have looked at temporal and spatial heterogeneity of 
greenhouse gas emissions from constructed wetlands (Picek et al. 2007; Maltais-Landry et al. 
2009; Yang et al. 2009) and from natural wetlands (Allen et al. 2007; Pennock et al. 2010).   
 Many studies of greenhouse gas emissions from wetlands of various types around the 
world have been conducted to quantify the gas fluxes.  In order to demonstrate the variability in 
gas emission rates in wetlands, data from a small collection of studies are presented in tabular 
form (Table 1).  
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Table 1. Maximum gas emissions rates from natural and manipulated wetland systems.  
Wetland Type CO2-C CH4-C N2O-N 
Wastewater 
Constructed 
Wetlands  
309 mg m-2 h-1 (Picek 
et al. 2007) 
93 mg m-2 h-1 (Picek 
et al. 2007) 
~0 µg m-2 h-1 (Picek 
et al. 2007) 
Peat-mining 
Runoff CW 
153.0 mg m-2 h-1 
(Liikanen et al. 2006) 
12.5 mg m-2 h-1 
(Liikanen et al. 2006) 
12.0 µg m-2 h-1 
(Liikanen et al. 2006) 
Rice Paddies 
422.1 mg m-2 h-1 
(Miyata et al. 2000) 
1.92 mg m-2 h-1 (Zou 
et al. 2009) 
74.07 µg m-2 h-1  
(Zou et al. 2009) 
Freshwater 
Wetlands 
0.16 mg m-2 h-1 (Dodla 
et al. 2009) 
41.0 mg m-2 h-1 (Ding 
et al. 2004) 
414.0 µg m-2 h-1 
(Paludan and Blicher-
Mathiesen 1996) 
European 
Peatlands 
56.2 mg m-2 h-1  
(Danevčič et al. 2010) 
0.04 mg m-2 h-1  
(Danevčič et al. 
2010) 
655.5 µg m-2 h-1 
(Danevčič et al. 
2010) 
 
 As Table 1 illustrates, there is substantial variability across wetland types and among 
distinct regions.  A diversity of wetland plants also played important roles in greenhouse gas 
emissions in these studies, including floating emergents (Lemna minor) and rooted emergents 
(Phragmites australis, Glyceria maxima) (Søvik et al. 2006; Picek et al. 2007). The temporal and 
spatial variability of greenhouse gas emissions from wetlands is the result of unique hydrologic, 
edaphic, and biologic factors occurring in situ. 
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CHAPTER 3 
 
QUESTIONS, OBJECTIVES AND HYPOTHESES 
 
 The focus of this study is to understand nutrient cycling in agricultural settings of the 
Mississippi Delta.  Agricultural systems are highly-managed areas, and thus may have altered 
nutrient cycling characteristics compared to pristine systems.  C and N cycling can lead to 
significant greenhouse gas production that exacerbates the effect of global climate change.  
Given the significant amount of fertilizer inputs in Mississippi Delta farmlands and other 
agricultural areas of the Mississippi River Basin, it is important to understand how these systems 
contribute to the greenhouse gas budget and what factors influence emission rates.   
 The overall question of this study was: What is the effect of hydrology and vegetation on 
CH4, N2O, and CO2 emission rates from various habitats in the agricultural landscape of the 
Mississippi Delta?   
 The first objective was to compare greenhouse gas fluxes from vegetated and non-
vegetated wetland and riparian sites of the Mississippi Delta agricultural region as research has 
shown that vegetation can facilitate higher gas emissions than non-vegetated areas.  Four plants 
existing in wetland and riparian areas, Limnobium spongia (Bosc) Rich. ex Steud, Phanopyrum 
gymnocarpon (Elliott) Nash, Polygonum persicaria L., and Sagittaria latifolia Wiild, were 
studied to explore the effect of different plant species on gas fluxes.  Hypotheses: The null 
hypothesis stated that greenhouse gas emission rates would not differ between vegetated and 
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non-vegetated sites or across different plant species.  The alternative hypothesis stated that 
vegetation would increase CH4 and N2O emission rates due to plant conductance of gases from 
sediment to atmosphere, but decrease CO2 emissions through plant photosynthetic uptake.     
 The second objective was to measure greenhouse gas fluxes from wetland, riparian, and 
farmland habitat to explore the spatial variability of gas emissions.  Measurements were made at 
different soil moisture conditions across the three habitats to study the hydrological effects on 
gas emissions.  Hypotheses: The null hypothesis stated that greenhouse gas fluxes from wetland, 
riparian, and farmland habitat would be equal.  The alternative hypothesis stated that CH4 
emissions would be highest in wetland habitat (7-18 mg CH4-C/m2/hr; Altor and Mitsch 2007) 
where there was greatest anoxia.  N2O and CO2 emissions were expected to be highest in 
farmland sites, ranging from 15.2 – 129.8 μg N2O-N/m2/hr and 222.4 – 278.0 mg CO2-C/m2/hr 
(Imer et al. 2013), due to the presence of aerobic conditions on N-fertilized farmland soils. 
 The third objective was to use multiple regression techniques to find a best-fitting model 
for each of the three gases in each habitat to show the most important characteristics influencing 
emissions at the three habitats on the agricultural landscape.  The factors included in the analyses 
were both categorical and numerical and were of hydrologic, vegetative, and nutrient 
measurements.  Hypotheses: The null hypothesis stated that there would be no associations 
between measured variables and gas emissions in each of the three habitats.  The alternative 
hypothesis stated that there would be distinctive locational effects on influential factors for each 
of the three habitats. 
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CHAPTER 4 
 
METHODS 
 
4.1 Research Sites 
 Wetland, riparian, and farmland sample sites were located outside Dundee, Mississippi, 
in southeast Tunica County (Figure 1).
 
Figure 1. Google image of the three habitats on the Mississippi Delta agricultural landscape. 
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 Two wetland sites located in southeast Tunica County were selected as sample sites for 
wetland gas collection.  The characteristics of the Mississippi Delta wetlands allow for 
potentially high microbial transformation rates.  The water and sediments are nutrient rich in 
both carbon and reactive nitrogen supplied through both autochthonous and allochthonous 
sources, such as agricultural runoff.  Water flows are generally very low, water temperatures can 
be seasonally high, and the high clay content of the sediment allows for the nutrient sorption and 
increased nutrient residence time in wetland sediments.  Furthermore, clay sediments and water 
have low gas diffusivity coefficients compared to air, thereby inhibiting the upward flux of gases 
from sediment to the atmosphere (Colmer 2003; Hamamoto et al. 2012).   
 The first wetland site (34°30’21.04”N, 90°25’33.88”W) was located in the Cow Oak 
Bayou drainage system, a system about 8 km in length and monitored at multiple points 
throughout the system by the USDA-ARS National Sedimentation Laboratory.  Cow Oak Bayou 
drains predominantly soybean cropland mixed with small amounts of corn and rice cropland and 
flows south into Ark Bayou.  The exact sample site within Cow Oak Bayou was located two 
hundred meters above the confluence of Cow Oak Bayou and Ark Bayou and was bordered to 
the east and west by soybean cropland.  The second wetland site (34°30’08.48”N, 
90°25’26.82”W) was located in the Ark Bayou drainage system, a system about 34 km in length 
and tributary to the Coldwater River.  The exact sample site within Ark Bayou was just above the 
point where Cow Oak Bayou enters Ark Bayou and was bordered by soybean cropland on the 
north side and corn cropland on the south side.  The two wetland sites were four hundred meters 
from each other in a direct line southeast (Figure 2).   
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Figure 2. Google image of the two wetland study sites, Ark Bayou and Cow Oak Bayou. 
 The Cow Oak Bayou and Ark Bayou wetland sites had distinct hydrological differences.  
The Cow Oak Bayou wetland site had a measurable water flow rate (0-3.0 m3/s; Shields et al. 
2011) and was used for agricultural irrigation, thus causing the surface water levels to fluctuate 
throughout the growing season.  The Ark Bayou wetland site was not used for irrigation and was 
located downstream of impoundments and beaver dam activity, resulting in stagnant hydrologic 
conditions. 
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  Cow Oak Bayou wetland contained two dominant species of emergent macrophyte 
species, Limnobium spongia and Sagittaria latifolia.  These species were chosen for their 
abundance at Cow Oak Bayou and because they existed in conditions of overlying water.  Ark 
Bayou wetland contained one dominant emergent macrophyte, Polygonum persicaria, occupying 
the wetland from bank to bank.  This provided a third wetland plant to the study which was very 
flood-tolerant as it also existed in conditions of overlying water.  P. persicaria at Ark Bayou 
wetland provided an opportunity to compare gas emissions with plants in an adjacent wetland 
system.     
 Limnobium spongia (Bosc) Rich. ex Steud. is a monocot in the Hydrocharitaceae family 
and it is native to southeastern US wetlands (USDA 2014).  L. spongia is characterized by 
extensive roots, heart-shaped leaves, and 4-6 thick, spongy shoots growing to a height of about 7 
inches.  It has also been described as having extensive aerenchyma comprising nearly the entire 
area of the stem (University of Florida 2012).  Sagittaria latifolia Wiild. is a monocot of the 
Alismataceae family and is a native wetland hydrophyte found throughout North American 
wetlands.  S. latifolia typically grows in 6-12 inches of water, has a dense root structure, and has 
broad, arrowhead-shaped leaves (Flora of North America 2008).  Polygonum persicaria L. is a 
dicot of the Polygonaceae family and is an invasive wetland hydrophyte, originally from Europe, 
but now found commonly throughout North America (USDA 2014).  P. persicaria lacks stolons 
and can grow erect or along the ground without putting down roots, in a procumbent fashion 
(Flora of North America 2008).  Roots commonly emerge at proximal nodes of the stems, and 
the stems of P. persicaria can grow up to a height of 36 inches (Flora of North America 2008).   
 The riparian zone chosen for this study was located directly-adjacent to the Cow Oak 
Bayou wetland site at a slightly-higher elevation than the wetland area.  The dominant plant 
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species in this zone was Phanopyrum gymnocarpon, a grass occupying the moist soil conditions 
between the wetland and farmland.  Phanopyrum gymnocarpon (Elliott) Nash is a monocot of 
the Poaceae family and it is also native to southeastern US wetland and riparian areas (USDA 
2014).  P. gymnocarpon is a tall emergent grass with a main stolon that extends horizontally 
across the sediment.  From this stolon spring forth multiple, thin adventitious shoots that grow to 
a height of ~60 cm.  P. gymnocarpon has a shallow root system which penetrates the soil to a 
depth of 6-8 cm.  It has also been found to have significant aerenchyma for oxygen transport to 
roots (Utah State University Herbarium 2001).   
 Two adjacent agricultural fields, one corn (34°31’38.79”N, 90°25’57.30”W) and one 
soybean (34°31’35.17”N, 90°25’43.96”W), were selected as sample sites for gas collection as 
part of a research collaboration with undergraduate students.  Both fields drain into the 
headwaters of Cow Oak Bayou and are located upstream of the wetland and riparian zone sample 
sites.  The corn field received fertilizer additions four times in the months of April and May, 
while the soybean field received one fertilizer application in April.  Irrigation is consistently 
applied to the fields due to high temperatures and low summer rainfall.  The soils in the 
agricultural fields are known as “gumbo” and “buckshot” due to the high clay content which can 
cause water stress to sensitive crops.   
4.2 Gas Collection Chamber Design 
 Gas collection chambers were used in this study to trap gases in vegetated and non-
vegetated sites following a nearly identical design of Waletzko and Mitsch (2013).  Chambers 
were clear, 22-liter, plastic containers (30.3cm height, 30.05cm width, 40.05cm length) fitted 
with a hollow adapter piece on the top of the chamber.  A hole was melted into the top of the 
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chamber to make a space large enough for the adapter piece to be inserted.  Once the plastic 
around the adapter piece had dried and hardened, 100% silicon sealant was used to seal 
thoroughly around the adapter piece in order to 
prevent gas leakage.   A piece of clear plastic tubing 
(1.5 meter long) was then inserted into the adapter 
piece and was glued into place using Loctite Super 
Glue and sealed with silicon sealant to prevent gas 
leakage.  A three-way Luer Lock Stopcock was glued 
to the end of the plastic tubing and then sealed with 
silicon sealant.  Chambers were tested for leaks in a basin filled with water by covering 
leakage-prone areas with soapy water and repeatedly dunking the chamber in the water.  If soap 
bubbles appeared and grew during the dunking process, the chamber was set aside for further 
sealing with silicon sealant and retested before use in the field.  If no bubbles appeared during 
the dunking process, the chamber was assumed to be air-tight.  Chambers were checked 
periodically throughout the sampling period to ensure that they were air-tight.   
 The gas collection chambers used in this study met certain specifications required for the 
field experiments.  The chambers were clear to allow for sunlight to reach the plants within, so as 
not to disrupt plant photosynthetic activity, and they were tall enough to accommodate the 
heights of the four plant species.  The chambers were also chosen because they were made of 
thin plastic to minimize the effect of temperature within the chamber.  Thin plastic tubing, 1.5 m 
in length and 0.6 cm in diameter, connected to the interior of the chamber to allow for gas 
sampling from a distance.  This prevented disturbance to the area by allowing for remote 
sampling of gases within the chamber.   
Figure 3. Gas collection chamber 
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 Temperature within the gas collection chamber during sampling was of great concern 
because it had the potential to affect plant processes and possibly gas transport from root to stem.  
Increased temperatures could lead to an overestimation of gas emissions by stimulating microbial 
activity to produce greater amounts of greenhouse gases.  To minimize temperature increases, 
grey window screen material was used as shade cloth and laid over the chambers.  The use of the 
shade cloth reduced temperatures by 8.3°C (15°F), but reduced the amount of 
photosynthetically-active radiation (PAR) by 65%.  The amount of PAR entering the covered 
chamber was measured using a LiCOR light sensor on a bright, sunny day.  The reduction in 
PAR reaching the interior of the chamber was a necessary tradeoff to prevent possible negative 
effects of overheating on plants.  Ambient levels of PAR therefore were not permitted to reach 
soil and plants within chambers, but it is expected that the plants had sufficient light for 
photosynthesis.  Furthermore, all chambers received the same shade cloth making the PAR 
reduction consistent across all plant species thus standardizing the results.   
4.3 Gas Measurements 
 Gas measurements were made in wetland, riparian zone, and farmland habitat during 
June, July, and August 2013 (Table 2).  
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Table 2. Sampling schedule and sample replication in three habitats of the agricultural landscape 
(AB = Ark Bayou; COB = Cow Oak Bayou). 
Wetland Habitat 
Plant 
Sampling 
Date 
Sampling 
Time Location 
Veg. 
Chambers 
Non-veg. 
Chambers 
P. persicaria 6/5/2013 14:00-17:00 AB 4 4 
P. persicaria 6/11/2013 10:00-13:00 AB 4 4 
P. persicaria 6/15/2013 8:00-11:00 AB 4 4 
L. spongia 7/5/2013 14:00-17:00 COB 4 4 
L. spongia 7/8/2013 14:00-17:00 COB 4 4 
L. spongia 7/13/2013 14:00-17:00 COB 4 4 
P. persicaria 8/23/2013 14:00-17:00 AB 2 2 
L. spongia 8/23/2013 14:00-17:00 COB 2 2 
S. latifolia 8/28/2013 14:00-17:00 COB 4 4 
L. spongia 8/28/2013 14:00-17:00 AB 2 2 
Riparian Zone 
P. gymnocarpon 6/17/2013 14:00-17:00 N/A 4 4 
P. gymnocarpon 6/22/2013 14:00-17:00 N/A 4 4 
P. gymnocarpon 7/5/2013 14:00-17:00 N/A 4 4 
P. gymnocarpon 8/23/2013 14:00-17:00 N/A 2 2 
Farmland 
Soybean field 7/3/2013 14:00-17:00 N/A 0 12 
Corn field 7/16/2013 14:00-17:00 N/A 0 8 
  
 One day prior to sampling, 10 ml gas sample vials were capped with a rubber septum, 
fitted with an aluminum cap, and crimped tight.  Sample vials were then evacuated at 24 psi for 1 
minute using an electric vacuum pump to remove 90% of the air within the vial, thus creating a 
vacuum.  Upon arriving to the sample site, an initial gas sample was taken to provide a 
measurement of ambient gas concentrations as a baseline for the subsequent gas samples.  
Control sites were then established by removing aboveground biomass to the soil level with 
pruning shears, following the method of Ding et al. (2005).  The purpose of this was to remove 
the photosynthesizing parts of the plant that stimulated gas transport in order to make the plant 
effectively non-functional.  Control sites were therefore intact sediment profiles with undisturbed 
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microbial communities without a photosynthesizing plant to conduct gases.  Vegetated sites were 
identified and positioned in close proximity to the paired control chamber.   
 Surface water levels differed between the two wetland sites as Cow Oak Bayou was 
subject to periodic pumping for agricultural irrigation.  Cow Oak Bayou water levels fluctuated 
substantially throughout the sample months leading to intermittent presence of overlying water in 
parts of the wetland.  By comparison, Ark Bayou consistently had overlying water present.  
When overlying water was present in the sample site, the gas collection chambers were fitted 
with Styrofoam to allow them to float on the water.  The natural seal made between the chamber 
and the water prevented gas leakage.  In order to sample gases from floating chambers without 
disturbing the sediment in the area, I used an inflatable boat to navigate to the chambers and 
collect the gas sample.  When overlying water was not present, I used very dense Mississippi 
Delta clay from the site to form a seal 
between the bottom of the chamber and the 
soil surface.   
 Gas measurements from farmland 
were only made from non-vegetated soils 
located in between row crops due to logistic 
difficulties associated with sampling tall corn 
and soybean plants (Figure 4).  Twelve gas 
collection chambers were deployed in wet 
and dry soybean soils and eight in corn soils 
on 3 and 16 July 2013, respectively.   Figure 4. Gas sampling from agricultural field. 
28 
 
 Three-hour collection periods made consistently from 13:00-17:00 were carried out in 
each of the chambers with gas sample collection times at time = 1 hr, 2 hr, and 3 hr.  At the 
appropriate time, gas samples were made by connecting a 10-ml plastic syringe fitted with a 
three-way stopcock to the three-way stopcock attached to the plastic tubing coming from the 
incubation chamber.  The syringe was pumped several times to mix the gases within the chamber 
before a 10-ml sample was withdrawn.  A 23-gauge 1-inch needle was then fitted to the three-
way stopcock on the syringe and inserted into the septum of the evacuated sample vial.  The gas 
sample was then drawn into the sample vial, reaching a natural pressure.  Gas samples were 
stored in a cool place out of direct sunlight to minimize potential negative effects to the sample 
vial.  When samples were returned to the laboratory, they were kept at room temperature.  
Within twenty-four hours, gas vials were sealed with a drop of silicon sealant on the rubber 
septum where the needle was inserted as an extra precaution against gas leakage (Melody 
Bernot, personal communication).   
  CH4, CO2, and N2O concentrations in the gas samples were analyzed within one month 
after collection, which is within the time range used by other leading researchers (Lars Hedin, 
personal communication).  Gas samples were analyzed at Troy University in Troy, Alabama, in 
the laboratory of Dr. Kewei Yu, on a Shimadzu Gas Chromatograph (Shimadzu, Kyoto, Japan) 
coupled with an Electron Capture Detector and a Flame Ionization Detector.  A methanizer was 
used to convert CO2 to CH4 for analysis of CO2 concentration.  Standard gas and ambient air 
measurements were incorporated into the gas analysis to validate the results.  Gas concentrations 
were recorded as parts per million (ppm), but later converted to mg or μg/m2/hr.  
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4.4 Abiotic and Biotic Measurements 
 A Hach multi-probe was used to make water quality measurements in wetland habitat.  It 
was calibrated periodically throughout the sampling season to ensure accurate readings.  In the 
field, the probe was fitted with a protective sleeve and lowered into the water until resting on the 
sediment surface.  Once the readings had reached a consistent value, the values were recorded.  
The parameters measured included dissolved oxygen, pH, specific conductance, temperature, and 
oxidation-reduction potential (ORP).  
 Sediment ORP was measured with an Orion model 290A redox electrode comprising a 
probe and handheld meter.  In the field, the probe was inserted multiple times ~5 cm into the soil 
of the sampling area during the gas collection period.  When surface water levels were too high 
at the wetland sites to use the ORP probe, an area with low water levels on the wetland bank (1-5 
meters away from sample site) was used as a representative location for ORP measurements.  
The probe was allowed to equilibrate for fifteen to thirty minutes before taking a reading, and 2-
3 measurements were taken per sampling.  Water depth measurements at the sampling location 
were taken by lowering a meter stick to the top of the sediment and recording the depth in cm.   
 At the conclusion of all gas samplings, total aboveground biomass from each chamber 
was cut and stored in bags following the three hour gas collection period.  Biomass samples were 
kept on ice in a cooler until returned to the laboratory.  Biomass samples were then dried in an 
oven (40°C) for at least 24 hours to determine dry weight of the biomass present in each gas 
collection chamber.   
 During each sampling at each of the three habitats, two soil samples were collected from 
different locations in the sampling area.  On the farmland, two soil samples were taken at each 
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moisture level from which gases were being measured.  A trowel was used to scoop ~500 g of 
soil into a new plastic bag and stored on ice in a cooler until brought back to the laboratory.  Soil 
samples from riparian and farmland sites that did not have overlying water were analyzed with 
gravimetric soil analysis.  This was performed in the laboratory of Dr. Marjorie Holland on a 
portion of the sediment to determine the soil moisture % of the sample (DeAngelis 2007).  The 
gravimetric soil method was carried out as follows: 
 First an aluminum dish was weighed and its weight recorded as “tare”.  A soil sample 
weighing ~10g was placed in the boat and its weight recorded as “wet soil + tare”.  The sample 
was then transferred to an oven (105°C) and allowed to dry for at least 24 hours. The sample was 
removed from the oven and weighed with the weight recorded as “dry soil + tare”.  The sample 
was then returned to the oven to dry for several more hours and then weighed again.  This 
process was repeated until two consecutive measurements “dry soil + tare” were reached.  The 
following formula was used to calculate % soil moisture from the sample:  
% Soil Moisture = [(wet soil + tare) – (dry soil + tare)/ (dry soil + tare) – (tare)] * 100% 
 The sediment samples were then frozen until analysis of C and N content per g of dry soil 
on a CHN Analyzer in the laboratory of Dr. John Rimoldi of the University of Mississippi 
Department of Medicinal Chemistry in the Pharmacy School.   
 Replicate water samples were taken during each sampling from different locations in the 
sampling area, either from the overlying water, if present, or the porewater if no overlying water 
was present.  Porewater samples were taken by using a trowel to dig a hole in the soil until water 
was capable of being collected from below the soil surface.  The goal was to sample the water in 
the midst of the sampled area.  Water samples (200 ml) were collected in plastic bottles, stored 
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on ice in a cooler, and transported to the laboratory of Dr. Clifford Ochs for analysis.  Upon 
returning to the laboratory, water samples were filtered through a 0.2 micron glass fiber filter 
(GFF) to remove particulate material and isolate the dissolved material.  The water samples were 
then stored in sterile plastic bags and frozen until later water nutrient analysis.  Water samples 
were analyzed for Total Dissolved Nitrogen (TDN) and Total Dissolved Organic Carbon 
(TDOC) on a TC/TN Analyzer in the laboratory of Dr. John O’Haver of the University of 
Mississippi Chemical Engineering Department.     
4.5 Cross-sectional % Aerenchyma  
 Cross-sectional % aerenchyma of P. persicaria, P. gymnocarpon, L. spongia, and S. 
latifolia was determined using fresh plant stem samples cut and stored in water.  The day of plant 
collection, plants were fixed in Formalin-Acetic-Alcohol (FAA; 50% ethanol, 10% formalin, 5% 
acetic acid) for 3-5 days in the laboratory of Dr. Vijayasankar Raman of the National Center for 
Natural Products Research (NCNPR), located at the University of Mississippi.  Following 
storage in FAA, plant samples were removed and soaked in water for 15 minutes to remove FAA 
from plant cells.  Plant samples were then soaked in 50% alcohol for 5 minutes to remove all 
water from plant cells.  A thin cross-section of the plant stem was then cut using a fine, hand-
held blade and placed on a slide.  The cross-section was then washed thoroughly with water and 
immersed in Toluidine blue stain for 10 minutes.  The stain was then washed off the cross-
section with water.  The cross-section was prepared on the slide by placing a drop of glycerin on 
the cross-section and a cover slip carefully applied.  The prepared slide was photographed at 2x 
magnification by a Nikon microscopic camera.  Slides were viewed at 10x magnification to 
confirm the location of aerenchyma air spaces in the cross-section.   
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 Microscopic photographs were loaded in the Image J image analysis software (Abramoff 
et al. 2004) to determine % cross-sectional aerenchyma.  A binary image of each photograph, 
using a threshold of “0” and “≥1”, was produced using the software, and a simple count function 
was able to quantify the number of pixels that were air-space compared to cell tissue.    The 
amount of air-space pixels was then divided by the total cross-sectional area to generate the % 
cross-sectional aerenchyma.  Dr. Vijayasankar Raman and Wetland Plants (Cronk and Fennessy 
2001) were consulted when slight corrections to the binary image were required to ensure proper 
quantification of plant aerenchyma. 
4.6 Soil Microbial Gene Analysis 
 Soil samples were collected from flooded soils in both Ark Bayou and Cow Oak Bayou 
in November 2013 from a single 1 m2 area in each wetland.  Soil samples were analyzed for 
presence of the mcra gene, a commonly-studied gene regulating methane production in 
methanogenic archaea.  Sample analysis was carried out in the laboratory of Dr. Colin Jackson.  
DNA was first extracted from soil samples and then run in Polymerase Chain Reaction (PCR), 
using gene-specific primers, to isolate and replicate mcra gene sequences.  Denaturing gradient 
gel electrophoresis (DGGE) was then run on isolated mcra gene samples fitted with G-C clamp 
to separate gene sequences based on similarity.  The software program Mothur (Schloss et al. 
2009) was used to analyze results, and the software program FigTree (Morariu et al. 2008) was 
used to construct a similarity “tree” based on the data. 
4.7 Data and Statistical Analysis 
 Using the four gas emission points from each gas collection chamber, a linear trendline 
was fit to the points providing a R2 value and slope of the line.  R2 values and slopes were 
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generated for each gas collection chamber and across all samplings.  Following Imer et al. 
(2013), a threshold of ≥0.8 was applied to the R2 values of CH4 emissions plotted at the four time 
points (t=0, 1, 2, and 3h).  Any R2 values that did not meet or exceed the threshold were removed 
from the analyses.  Due to the noise found between hourly measurements of CO2 caused by 
variable rates of plant photosynthesis over the collection period, the difference between the first 
and last measurement was taken and then divided by 3 to have an hourly emission rate that is 
assumed to encompass the noise over the collection period.  The same technique was applied to 
N2O emission data to increase sensitivity to the overall trend of the gas fluxes over the time 
period.  Gas concentrations (ppm) were converted into units of mass per chamber volume and 
then to mass per chamber area.  Emission rates (f) of both gases were determined as f = (dC/dt) 
V/A, where V is the chamber headspace volume (m3), A is its basal area (m2), and dC/dt is the 
rate of concentration change (Livingston and Hutchinson 1995).  
 Factorial analysis was used to compare gas emission rates from vegetated and non-
vegetated chambers while accounting for the effect of measurements made on different dates.  
Dates were treated as categorical factors in the analysis in order to determine if gas emissions 
varied according to the date of sampling. One-way Analysis of Variance (ANOVA) was 
performed on gas emissions across three habitats on agricultural landscapes, while linear 
regression was used to assess the effect of individual factors on gas emissions.  In some cases, 
data transformations, such as natural logarithm, were necessary to meet assumptions of ANOVA 
and linear regression.  Student’s t-test was used for direct comparisons, as with nutrient 
concentrations and surface water depth differences. In all analyses, α = 0.05.  
 Using the linear model (lm) procedure in the statistical software program R (R 2008) 
version 2.15.1, multiple regression was carried out on the biotic and abiotic variables measured 
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in each of the three agricultural habitats.  Not all variables were measured in each of the three 
habitats due to fundamental location differences as well as logistical difficulties.  In farmland, 
soil moisture and crop type were measured as numerical and categorical predictor variables with 
CH4, N2O, and CO2 emissions as numerical response variables in three separate analyses.  In the 
riparian zone, soil moisture, plant biomass, soil C content, and soil N content were measured as 
numerical predictor variables with CH4, N2O, and CO2 emissions as numerical response 
variables in three separate analyses.  In each analysis, all possible models containing different 
combinations of main effects and two-way interactions were explored, with the limitation that 
models could not contain more than 8 predictor variables.  In the wetland, surface water depth, 
plant biomass, soil C content, soil N content, plant species, and location were measured as 
numerical and categorical predictor variables with CH4, N2O, and CO2 emissions as numerical 
response variables in three separate analyses.  In each analysis, all possible models containing 
different combinations of main effects and two-way interactions were explored, with the 
limitation that models could not contain more than 12 predictor variables (to avoid over-fitting).   
 For each response variable, the dredge() function in the MuMIn package (Barton 2013) 
was used to determine the best-fitting models using Akaike’s Information Criterion (AIC) 
corrected for small sample sizes.  Relative variable importance (RVI) values, ranging from 0-1, 
were then assigned to each factor or interaction based on the frequency with which it appeared in 
the best-fitting models.  A commonly-used threshold of 0.5 was applied to the RVI values 
generated for each factor or interaction, such that only factors with RVI ≥ 0.50 were considered 
important.   Parameter values (marginal means for categorical predictors and regression 
coefficients for numerical predictors) were estimated from the AIC-best models containing those 
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predictors.  All factors ranked as important by the RVI criterion were also significant (at α= 
0.05) in the best linear models containing those factors.  
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CHAPTER 5 
 
RESULTS 
 
5.1 Water and Sediment Characteristics 
 Water chemistry data at Ark Bayou and Cow Oak Bayou wetland sites are located in the 
Appendix (Table 15).  Soil redox potential measurements made in wetland, riparian zone, and 
farmland are also found in the Appendix (Table 16).  Significantly higher concentrations of total 
dissolved organic carbon (TDOC) were found in water from Cow Oak Bayou than in Ark Bayou 
(p<0.0001, n=26, Figure 5A) and marginally-higher total dissolved nitrogen (TDN) in water 
from Cow Oak Bayou than in Ark Bayou (p=0.045, n=16, Figure 5B).  Comparing water and 
porewater samples between wetland and riparian zone, no differences were found for TDOC 
(p=0.06, n=26, Figure 6A) or TDN (p=0.38, n=26, Figure 6B). 
     
Figure 5. TDOC (A) and TDN (B) concentrations from water samples in Ark Bayou and Cow 
Oak Bayou (Student’s t-test: A. p<0.0001, n=16; B. p = 0.045, n=16). 
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Figure 6. TDOC (A) and TDN (B) concentrations in water and porewater samples from wetland 
and riparian zone, respectively (Student’s t-test: A. p=0.06, n=26; B. p=0.38, n=26).  
 Significantly higher soil C content was found at Cow Oak Bayou than at Ark Bayou (p = 
0.02, n=15, Figure 7A); Cow Oak Bayou also had higher soil N content than Ark Bayou (p = 
0.006, n=15, Figure 7B).  Soil C was not different between wetland and riparian zone (p=0.08, 
n=15, Figure 8A); soil N also did not differ between wetland and riparian zone (p = 0.25, n=15, 
Figure 8B).  
  
Figure 7. Soil C (A) and N (B) content compared between Ark Bayou and Cow Oak Bayou 
(Student’s t-test: A. p = 0.02, n=15; B. p = 0.006, n=15). 
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Figure 8. Soil C (A) and N (B) content compared between wetland and riparian zone (Student’s 
t-test: A. p=0.08, n=15; B. p=0.25, n=15).  
  
5.2 Effect of Vegetation on Gas Emissions  
 Plant cross-sectional % aerenchyma was quantified from separate stems of P. persicaria 
(n=2), P. gymnocarpon (n=2), L. spongia (n=2), and S. latifolia (n=3) (Figure 9).  Mean plant 
cross-sectional % aerenchyma was significantly different across the four plant species (ANOVA, 
p = 0.02, n=9, Figure 10).    
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Figure 10. Plant cross-sectional % aerenchyma differences across the four plant species 
(ANOVA, p = 0.02, n=9). 
 In wetlands, there were no differences in CH4 emission rates between vegetated and non-
vegetated chambers across all 8 sampling days using factorial analysis with vegetation/no 
vegetation and date as co-factors (ANOVA, p=0.67, n=61, Figure 11).  Similarly, N2O emission 
rates from vegetated chambers were not different than those from non-vegetated chambers using 
factorial analysis (ANOVA, p=0.85, n=68, Figure 11).  CO2-C emission rates from non-
vegetated chambers was about 5x higher than in vegetated chambers using factorial analysis 
(ANOVA, p<0.0001, n=68, Figure 11).  A significant interaction effect was found between 
vegetation presence/absence and date (p=0.001), indicating that the effect of vegetation absence 
varied according to the date of sampling. 
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Figure 11. Mean wetland gas emission rates from vegetated and non-vegetated chambers.  
 No significant relationships were found between gas emissions and wetland plant 
biomass for CH4-C (R2=0.05, p=0.09, n=61, Figure 12A) or N2O-N (R2=0.05, p=0.07, n=68, 
Figure 12B).  A negative relationship was found between CO2-C and plant biomass (R2=0.48, 
p<0.0001, n=68, Figure 12C).  
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Figure 12. Regressions between wetland plant biomass and CH4-C (A), N2O-N (B), and CO2-C 
(C) emissions. 
 In the riparian zone, mean CH4-C emission rates were about 2 times higher in non-
vegetated chambers than in vegetated chambers using factorial analysis with vegetation/no 
vegetation and date as co-factors (ANOVA, p=0.04, n=24, Figure 13).  Factorial analysis also 
showed N2O-N emissions to be about 5 times higher in non-vegetated chambers than in 
vegetated chambers (ANOVA, p=0.03, n=28, Figure 13). Similarly, CO2 emissions were about 3 
times higher in non-vegetated chambers than in vegetated chambers (ANOVA, p=0.0008, n=28, 
Figure 13). 
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Figure 13. Mean riparian zone gas emission rates from vegetated and non-vegetated chambers.  
 No significant association was found between CH4-C emissions and riparian plant 
biomass (R2=0.16, p=0.06, n=24, Figure 14A), while a negative relationship was found between 
N2O-N emissions and riparian plant biomass (R2=0.30, p=0.003, n=27, Figure 14B).  A negative 
relationship was found between CO2-C emissions and riparian plant biomass (R2=0.29, 
p<0.0001, n=28, Figure 14C).  
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Figure 14. Regressions between riparian plant biomass and CH4-C (A), N2O-N (B), and CO2-C 
(C) emissions. 
 Gas emissions from vegetated and non-vegetated chambers were regressed by chamber 
biomass to examine the effect of plant effects with individual species compared to non-vegetated 
conditions.  The results of the regressions are shown in Table 3.     
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Table 3. Regressions between individual plant species and gas emissions. 
Gas Species Plant R2 p df 
CH4-C P. persicaria 0.01 0.64 22 
  L. spongia 0.05 0.25 29 
  S. latifolia 0.23 0.23 7 
  P.gymnocarpon 0.16 0.06 23 
N2O-N P. persicaria 0.38 0.0005 27 
  L. spongia 0.006 0.68 31 
  S. latifolia 0.03 0.69 7 
  P. gymnocarpon 0.07 0.16 27 
CO2-C P. persicaria 0.82 <0.0001 27 
  L. spongia 0.50 <0.0001 30 
  S. latifolia 0.52 0.04 7 
  P. gymnocarpon 0.29 0.004 27 
  
 When normalized per gram dry biomass in each chamber, net rates of CO2 uptake, or Net 
Primary Productivity (NPP) in µmol CO2/m2/hr, were significantly different across plant species 
(p = 0.03, n=48, Figure 15).   
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Figure 15. Hourly net primary production (NPP) rates across the four plant species (ANOVA, p 
= 0.03, n=48).  
5.3 Wetland Locational Effect on Gas Emissions 
 Mean hourly CH4-C emission rates were about 6x higher at Ark Bayou than at Cow Oak 
Bayou (Student’s t test, p <0.0001, n=61, Figure 16), while mean hourly N2O-N emissions were 
positive at Cow Oak Bayou and negative at Ark Bayou (Student’s t test, p<0.0001, n=68, Figure 
16).  As previous results showed vegetation significantly decreases CO2-C emissions from 
wetlands, mean hourly emission rates from non-vegetated chambers only were analyzed and no 
differences were found between Cow Oak Bayou and Ark Bayou (Student’s t-test, p=0.45, n=34, 
Figure 16). 
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Figure 16. Mean hourly gas emission rates from wetlands of Ark Bayou and Cow Oak Bayou.   
  
 Mean surface water depth (cm) was significantly higher in Ark Bayou than in Cow Oak 
Bayou across the 8 sampling days (Student’s t-test, p = 0.009, n=10, Figure 17). Gas emissions 
were regressed by surface water depth measured across the sampling days (Figure 18).  CH4-C 
and N2O-N emissions from both vegetated and non-vegetated chambers were included in the 
regression because no effect of vegetation was found.  Only CO2-C emissions from non-
vegetated chambers were included in the regression.  A positive relationship was found between 
surface water depth and CH4-C emissions (ANOVA, R2=0.23, p <0.0001, n=61), whereas a 
negative relationship was found between surface water depth and N2O-N emissions (ANOVA, 
R2=0.16, p = 0.0007, n=68).  No significant relationship was found between surface water depth 
and CO2-C emissions (ANOVA, p = 0.20, n=34) with a R2 of 0.05.  However, when fit with a 
logarithmic trendline, the R2 of the relationship was 0.21. 
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Figure 18. Regression of hourly gas emission rates and surface water depth from wetlands. 
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5.4 Gas Emissions on the Agricultural Landscape 
 Gravimetric methods showed mean soil moisture values from farmland, riparian zone, 
and wetland habitat were 18.8-32.9%, 42.6-49.3%, and 100%, respectively.  Gas emission rates 
measured from each habitat and between vegetated and non-vegetated chambers are found in the 
Appendix (Table 18).  Ranges and mean hourly gas emission rates from each habitat are shown 
in Table 4. 
Table 4. Range and means for hourly gas emission rates from wetland, riparian, and farmland 
habitat.  CH4-C and CO2-C are in mg/m2/hr, while N2O-N is in μg/m2/hr. 
  Wetland Riparian Farmland 
Gas 
Species Mean Range Mean Range Mean Range 
CH4-C 15.9 ± 3.0  0.6-111.8 4.3 ± 1.5 0.2-17.4 0.09 ± 0.02 -0.002- 0.23 
N2O-N 6.7 ± 3.0  -40.4-69.3 37.8 ± 6.7 3.4-73.2 47.3 ± 3.7 7.4-73.0 
CO2-C 8.6 ± 1.1 -0.06-19.2 30.6 ± 5.1 3.8-65.4 10.1 ± 0.5 6.7-15.0 
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Figure 20. Mean hourly gas emission rates across three habitats on the agricultural landscape.  
CO2-C emissions are from non-vegetated chambers in each habitat.  Riparian zone CH4-C and 
N2O-N emissions are from non-vegetated chambers as plants were found to significantly-
decrease gas emissions. 
 Significant differences across habitats were found in mean hourly emissions of CH4-C (p 
<0.0001, n=95), N2O-N (p <0.0001, n=101), CO2-C (p <0.0001, n=68).  CO2-C emissions from 
non-vegetated chambers in each habitat were included in the analysis due to the negative effect 
of plants on CO2 emissions.  Riparian zone CH4-C and N2O-N emissions are from non-vegetated 
chambers only as plants were found to significantly decrease gas emissions (Figure 20).  Mean 
wetland CH4-C emissions were 4 times higher than the riparian zone and 177 times higher than 
farmland.  Mean farmland N2O-N emissions were 5 times higher than in the wetland and 25% 
higher than in the riparian zone.  Mean wetland and farmland CO2-C emissions were roughly 
equivalent, but riparian zone CO2-C emissions were about 3 times higher than both wetland and 
farmland.  Tukey HSD tests show the individual differences across habitats (Table 5) where 
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CO2-C emissions are from non-vegetated chambers and riparian zone CH4-C and N2O-N 
emissions are from non-vegetated chambers.   
Table 5. Tukey HSD tests of habitat differences in gas emissions. 
Gas Species Habitat Interactions p df 
CH4-C Riparian: Farmland <0.0001 40 
  Wetland: Farmland <0.0001 77 
  Wetland: Riparian <0.0001 82 
N2O-N Riparian: Farmland 0.50 30 
  Wetland: Farmland <0.0001 51 
  Wetland: Riparian 0.0002 44 
CO2-C Riparian: Farmland <0.0001 31 
  Wetland: Farmland 0.81 50 
  Wetland: Riparian <0.0001 44 
  
 Gas emissions recorded from the three habitats were regressed by soil moisture and a 
positive relationship was found for CH4-C (R2=0.31, p < 0.0001, n=95) and a negative 
relationship for N2O-N (R2=0.29, p < 0.0001, 101) (Figure 21).  CO2-C showed a weak negative 
relationship with soil moisture using linear regression (p = 0.02, n=68) with a R2 of 0.08, but 
when fit with a polynomial trendline, the R2 value was 0.33.  
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Figure 21. Regression of mean hourly gas emission rates and soil moisture values measured 
across wetland habitat, riparian zone, and farmland.  
 
 CO2 emission rates from vegetated and non-vegetated chambers in wetland and riparian 
habitat were compared and CO2 uptake rates determined.  Vegetated and non-vegetated 
chambers differed in both wetland (p<0.0001, n=68) and riparian (p = 0.0006, n=28) (Figure 22).  
Mean hourly CO2 emission rates from non-vegetated wetland sites was 32.0 ± SE 3.1 mg 
CO2/m2/hr (n=34), while CO2 emission rates from vegetated sites was -5.0 ± SE 0.5 mg 
CO2/m2/hr (n=34), indicating plants were capable of offsetting CO2 emission from the wetlands 
during the day, though no measurements were made during the night for a comparison.  Mean 
hourly CO2 emission rates from non-vegetated riparian sites was 112.2 ± SE 18.7 mg CO2/m2/hr 
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(n=14), while CO2 emission rates from vegetated sites were 34.8 ± SE 2.7 mg CO2/m2/hr (n=14).  
Riparian plants reduced CO2 emissions from riparian sites by 69%.   
 
Figure 22. Mean hourly CO2 emission rates from vegetated and non-vegetated chambers in 
wetland and riparian habitat (Student’s t test: Wetland: p<0.0001, n=68; Riparian: p = 0.0006, 
n=28).   
 
5.5 Gas Emission Models for Agricultural Habitats 
 Based on the biotic and abiotic factors measured in each of the three agricultural habitats, 
AIC best-fitting models were generated for each gas species.  Linear regressions use the 
collective residual error of the model as the response variable and the variable of interest as the 
predictor variable.  Marginal means were calculated for categorical predictor variables, and 
specific linear regression was performed on model residuals and numerical predictor variables.  
This method allowed for a more accurate depiction of the effects of each individual factor on the 
response variable within the final model. 
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 In farmland, soil moisture, crop type, and the interaction were used as predictor variables 
for gas emissions.  The AIC best model and Relative Variable Importance (RVI) values for each 
factor are as follows: 
CH4-C: Soil Moisture + Crop Type + Soil Moisture:Crop Type 
Multiple Regression Model: y = -0.76 + 0.04 Soil Moisture + 0.87 Crop Type - 0.03 Soil 
Moisture:Crop Type 
Table 6. AIC best model for CH4-C emission from farmland. 
R2: 0.85 Overall p<0.0001 
Factor RVI p 
Soil Moisture 0.999 <0.0001* 
Crop Type 0.998 0.38 
Soil Moisture: Crop Type 0.998 0.0001* 
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Figure 23. Soil moisture effects on CH4-C emissions from farmland (ANOVA, R2=0.45, 
p=0.002, df=17). 
 
N2O-N: Crop Type 
Multiple Regression Model: y = 54.10 – 22.01 Crop Type 
Table 7. AIC best model for N2O-N emission from farmland 
R2: 0.42 Overall p = 0.002 
Factor RVI p 
Crop Type 0.979 0.002* 
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CO2-C: Crop Type 
Multiple Regression Model: y = 9.87 – 2.10 Crop Type 
Table 8. AIC best model for CO2-C emission from farmland 
R2: 0.20 Overall p = 0.047 
Factor RVI p 
Crop Type 0.713 0.047* 
 
     
Figure 24. Crop type effects on N2O-N (A) and CO2-C (B) emissions (ANOVA: A. p=0.002, 
df=19; B. p=0.047, df=19).  
  
 In the riparian zone, soil moisture, plant biomass, soil C content, soil N content, and the 
two-way interactions were used as predictor variables for gas emissions.  The AIC best model 
and RVI values for each factor are as follows: 
CH4-C: Soil Moisture + Biomass + C + N 
Multiple Regression Model: y = 30.76 + 15.36 N – 0.01 Biomass – 0.14 Soil Moisture -1.25 C 
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Table 9. AIC best model for CH4-C emission from riparian zone. 
R2: 0.52 Overall p = 0.005 
Factor RVI p 
N 0.955 0.002* 
Biomass 0.865 0.03* 
Soil Moisture 0.562 0.29 
C 0.505 0.49 
 
Figure 25. Biomass effects on CH4-C emissions from riparian zone (ANOVA, R2=0.23, p=0.02, 
df=23). 
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Figure 26. Soil N effects on CH4-C emissions from riparian zone (ANOVA, R2=0.28, p=0.008, 
df=23). 
 
N2O-N: Soil Moisture + Biomass + C + N + Biomass:N 
Multiple Regression Model: y = -1302.74 – 529.62 N + 8.39 Soil Moisture + 85.32 C + 9.44 
Biomass + 7.51 Biomass:N 
Table 10. AIC best model for N2O-N emission from riparian zone. 
R2: 0.60 Overall p = 0.0009 
Factor RVI p 
Biomass 0.998 0.0005* 
N 0.933 0.01* 
Soil Moisture 0.882 0.02* 
C 0.813 0.09 
Biomass:N 0.608 0.04* 
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Figure 27. Biomass effects on N2O-N emissions from riparian zone (ANOVA, R2=0.39, 
p=0.0005, df=26). 
 
CO2-C: Biomass 
Multiple Regression Model: y = 3.06 – 0.03 Biomass 
Table 11. AIC best model for CO2-C emission from riparian zone.  
R2: 0.28 Overall p = 0.003 
Factor RVI p 
Biomass 0.977 0.003* 
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Figure 28. Biomass effects on CO2-C emissions from riparian zone (ANOVA, R2=0.28, 
p=0.003, df=27). 
  
 In the wetland habitat, location (Ark Bayou vs. Cow Oak Bayou), surface water depth 
(cm), plant species, plant biomass (g), soil C content, soil N content, and the two-way 
interactions were used as predictor variables for gas emissions.  The AIC best model and RVI 
values for each factor are as follows: 
CH4-C: Location + Surface water depth + Plant species + Biomass + C + N + C:Surface water 
depth 
Multiple Regression Model: y = 6.55 – 0.02 Surface water depth – 0.64 C – 3.84 N – 1.90 
Location + 1.19 Plant species – 0.01 Biomass + 0.004 C:Surface water depth 
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Table 12. AIC best model for CH4-C emission from wetland. 
R2: 0.58 Overall p<0.0001 
Factor RVI p 
Surface water depth 0.999 0.35 
C 0.991 0.58 
N 0.983 0.78 
Location 0.974 0.003* 
Plant species 0.956 0.07 
Biomass 0.585 0.42 
C:Surface water depth 0.529 0.79 
 
 
Figure 29. Location effects on CH4-C emissions from wetlands (ANOVA, p<0.0001, df=60). 
 
N2O-N: Location + Surface water depth + Plant species + C + N + C:Surface water depth + C:N 
Multiple Regression Model: y = -978.87 – 3.08 Surface water depth + 294.78 C – 908.83 N – 
3.37 Location – 61.33 Plant species + 270.99 C:N + 1.07 C:Surface water depth 
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Table 13. AIC best model for N2O-N from wetland.  
R2: 0.48 Overall p<0.0001 
Factor RVI p 
C 0.999 0.9 
Surface water depth 0.998 0.16 
N 0.996 0.06 
Plant species 0.95 0.04* 
Location 0.941 0.77 
C:Surface water depth 0.548 0.009* 
C:N 0.508 0.001* 
 
 
Figure 30. Plant species effects on N2O-N emissions from wetlands (ANOVA, p<0.0001, 
df=67). 
 
CO2-C: Location + Surface water depth + Plant species + Biomass + C + N + C:Surface water 
depth + Biomass:Plant species 
Multiple Regression Model: y = -124.69 + 0.54 Surface water depth + 21.22 C – 48.54 N + 0.27 
Location + 13.40 Plant species – 0.73 Biomass + 0.46 Biomass:Plant species – 0.24 C:Surface 
water depth 
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Table 14. AIC best model for CO2-C emission from wetland. 
R2: 0.80 Overall p<0.0001 
Factor RVI p 
Biomass 1 <0.0001* 
Surface water depth 1 <0.0001* 
N 0.999 0.0005* 
C 0.999 <0.0001* 
Plant species 0.972 <0.0001* 
Location 0.858 0.89 
Biomass:Plant species 0.52 <0.0001* 
C:Surface water depth 0.506 <0.0001* 
 
 
Figure 31. Effects of surface water depth on CO2-C emissions from wetlands (ANOVA, 
R2=0.06, p=0.04, df=67). 
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Figure 32. Biomass effects on CO2-C emissions from wetlands (ANOVA, R2=0.49, p<0.0001, 
df=67).  
 
Figure 33. Plant species effects on CO2-C emissions from wetlands (ANOVA, p<0.0001, 
df=67). 
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CHAPTER 6 
 
DISCUSSION 
 
6.1 Effect of Vegetation on Gas Emissions 
 There is support for the hypothesis that states wetland plants increase greenhouse gas 
emissions, specifically CH4 and N2O, from wetlands through plant conductance of microbial gas 
metabolites through internal air spaces, known as aerenchyma (Kelker and Chanton 1997; Ding 
et al. 2005).   However, the findings of this study do not support the hypothesis that wetland 
plants facilitate greater CH4 and N2O emissions from wetland sediments within agricultural 
landscapes.  No differences were found between gas collection chambers containing 
aboveground, photosynthesizing plant parts and those without, indicating that plants did not 
influence gas emissions.   
 Using a common method of clipping aboveground plant biomass (Waddington et al. 
1996; Frenzel and Karofield 2000, Ding et al. 2005,), it was hypothesized that gas conduction 
would be halted due to a lack of stomata and aerenchymatous tissue, while still preserving the 
soil microbial structure surrounding the root rhizosphere for normal microbial activity.  Plants 
with aboveground vegetation removed would halt normal gas transport in the root zone and make 
the plant ineffective in transporting soil gases to the atmosphere.  By clipping vegetation at the 
soil surface, CH4 emissions were greatly decreased in bogs (Frenzel and Karofield 2000), boreal 
peatlands (Waddington et al. 1996), and freshwater marshes of northeast China (Ding et al. 2005, 
Sun et al. 2012).  Others have found that CH4 emissions and plant biomass are positively-
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correlated (Whiting and Chanton 1992, Joabsson and Christensen 2001), though this study found 
no such correlations for CH4 (Figure 12A).  Sun et al.  (2012) documented highly-variable 
wetland plant effects on CH4 emissions throughout the four seasons, though the minimum 
contribution to overall CH4 emissions by plants was 38% in the summer and reached 84% in the 
winter.   Wetland plant aerenchyma was hypothesized to have a positive effect on gas emissions, 
but no effect was found in the present study, indicating it is not an adequate predictor of gas 
emissions from wetlands in agricultural landscapes.   
 Wetland plants have also been found to decrease CH4 emissions by creating oxidizing 
conditions in the root rhizosphere, similar to O2 concentrations of ambient air (Colmer 2003), 
that are habitat to CH4-oxidizing bacteria (Fritz et al. 2011, Sutton-Grier and Megonigal 2011). 
However, this pattern is not common as most studies have shown plants enhance wetland gas 
emission rates.  The results of this study showed no difference between chambers with plants and 
chambers without plants, suggesting that other variables, such as hydrologic variability, are more 
important than vegetation effects in regulating CH4 emission rates.    
 N2O emissions are rarely found from flooded systems because aerobic nitrification is not 
carried out in anoxic conditions and denitrification produces N2 in the absence of O2 (Harrison et 
al. 2005, Picek et al. 2007).  Yu et al. (2001) found that N2O was produced only within a redox 
potential range of +120 to +250 mV, while CH4 was only produced within a range of -150 to -
215 mV.  Nitrification and denitrification produce N2O in high concentrations from moist 
agricultural and riparian soils, contributing 65% to the global N2O budget (USEPA 2012).  
Though plants may be important N2O conduits in moist soil systems (Yu et al. 1997), the lack of 
vegetation effects is likely due to the permanently-flooded conditions of the wetland habitat 
studied.   
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  Vegetation did have a positive impact on CO2 emissions, as expected, because of carbon 
fixation by plants through photosynthesis.  CO2 fixation was positively-correlated with plant 
biomass (Figure 12C), confirming that with more biomass, there is an increase in photosynthetic 
activity.  Differences in plant species NPP rates were also found (Figure 15), suggesting that not 
all plants take up C at the same rate.  CO2 emission results are important for the integrity of the 
overall study because it shows that the plants were functioning well within the chambers despite 
being subjected to higher-than-normal temperatures during hot summer days.  Any doubts about 
plant health and functioning causing the lack of vegetation effects can, therefore, be alleviated 
because the CO2 emissions data show that the plants were actively photosynthesizing and near 
normal functioning.  These data also show that the gas collection chambers were air-tight over 
the sampling period. 
 Whereas wetland gas emissions showed higher rates of CH4 emissions than CO2 
emissions, riparian zone CH4 emissions are lower than CO2 emissions.    Riparian soils are often 
more conducive to aerobic respiration pathways, and the gas emissions from the riparian zone 
reflect this (Figure 13).  Riparian zone CH4 emissions are small compared to that produced by 
wetlands, due to oxygen intrusion into the soil raising the redox potential to above where 
methanogenesis can occur (Yu et al. 2001).  Vegetation significantly-decreased CH4 emissions 
from the riparian zone, from 4.34 to 1.54 mg CH4-C/m2/hr due to a combination of plant biomass 
effects (Figure 14A) and oxidized soils caused by plant root radial O2 loss.  CO2 emissions were 
expected to be higher from non-vegetated chambers than vegetated chambers due to plant 
photosynthetic uptake, and these results confirmed that.   
 N2O-N emissions were 5x higher in non-vegetated chambers than in vegetated chambers.  
Studies have shown that root rhizospheres can support high rates of N cycling through coupled 
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nitrification-denitrification (Reddy et al. 1989).  Riparian vegetation may support a rhizosphere 
microbial community that actively metabolizes N2O products that enter the root zone.  Yu et al. 
(1997) found that vegetation acted as a significant emission pathway for N2O, but the results of 
this study show that vegetation reduces riparian zone N2O emissions (Figure 14B, Figure 27).  
Both consumption and emission of N2O in riparian zones of agricultural catchments was found 
by Audet et al. (2014), indicating that there can be significant variability in emission rates.   
 Wetland and riparian zones can act as CO2 sinks when they take up more CO2 than what 
they emit through respiration.  Figure 22 shows that flooded wetlands in agricultural watersheds 
of the Mississippi Delta act as CO2 sinks during the day, with vegetation taking up more CO2 
than what is emitted from wetlands without vegetation.  Vegetated chambers reduced CO2 from 
32.0 to -5.0 mg CO2/m2/hr, or 115%, on average from the CO2 produced by wetlands in the 
absence of vegetation.  Riparian vegetation had a similar effect on CO2 with vegetation reducing 
CO2 from 112.2 mg CO2/m2/hr in non-vegetated sites to 34.8 mg CO2/m2/hr, or 69%.  While 
vegetated riparian zones are not CO2 sinks, they act as important locations for CO2 fixation and 
storage.   
6.2 Wetland Locational Differences  
 The presence of wetland plants has been identified as an important factor influencing gas 
emissions from wetlands, but this study shows that wetland locational differences can be more 
important in determining gas emissions.  The reason for significant differences in CH4 emissions 
between two wetlands and a lack of vegetative effects is believed to be due to the agriculturally-
related hydrologic differences found between the two wetland sites.  Cow Oak Bayou wetland 
was highly-managed for crop irrigation, which resulted in periodic water level fluctuations, and 
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also had measureable, though low, water flow rates. Ark Bayou was a stagnant swamp due to 
upstream impoundments and beaver activity.   Moore and Knowles (1989) found a logarithmic 
decline in CH4 emissions with decreasing surface water levels in peatlands, while Altor and 
Mitsch (2006) found that permanently-flooded wetlands produce more CH4 than wetlands with 
intermittent wet and dry periods.  This pattern is reinforced by this study showing a positive 
relationship between CH4 and surface water levels (Figure 18).  Surface water levels are 
important in maintaining anoxia for methanogenesis (Kirchman 2012), and are thus very 
influential in maintaining the high methane-producing conditions found at Ark Bayou.  This 
finding suggests that, though there may be effects of vegetation on greenhouse gas emissions, the 
effect of hydrology is more influential than plant effects in determining CH4 emission variability.   
 Further support for the claim that locational differences explain the gas emission 
differences between the two wetlands is found in the N2O emission differences between Cow 
Oak Bayou and Ark Bayou (Figure 16).  Hernandez and Mitsch (2006) found that an intermittent 
flooding regime increases N2O emissions compared to permanently-flooded conditions.  
Similarly, Chen et al. (1997) found no N2O emissions from flooded rice paddies, but high 
emissions from non-flooded rice paddies.  Though vegetation has been found to be a very 
important factor in conducting N2O from rice paddy soils (Yu et al. 1997), the findings of this 
study indicate that the hydrological regime of Ark Bayou and Cow Oak Bayou may be the reason 
for the N2O emission differences.  Figure 18 shows that N2O is negatively-correlated with 
surface water levels.   The variability in CH4 and N2O emissions therefore does not depend 
primarily on vegetation characteristics, but on hydrological characteristics related to agricultural 
activity.  
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 The results of Yu et al. (2001) also support the hydrologic explanation for gas emission 
variation as they found redox potential windows for CH4 (-150 to -215) and N2O (+150 to +250) 
that coincide with the pattern of gas emissions from and the conditions within the two wetlands.  
In Ark Bayou, CH4 emissions were high and N2O emissions were negative, while CH4 emissions 
from Cow Oak Bayou were small and N2O emissions were large (Figure 16).  The redox 
potential in Ark Bayou (Table 16) was found to be lower than in Cow Oak Bayou, and, though 
the mean redox potential measurements indicate redox conditions may not have been low enough 
for methanogenesis, individual measurements show that there is high spatial variability.  The 
reason for these redox potential differences is believed to be because of the contrasting 
hydrological conditions in the two wetlands.  Although redox potential measurements were made 
in this study, they are not dependable because they were limited to 8 cm water depths or less due 
to the construct of the redox probe, thereby necessitating redox measurements away from the gas 
sampling site.  Furthermore, the redox probe requires several hours to equilibrate after insertion 
before a reliable measurement can be recorded.  Nevertheless, it is believed that the stagnant 
conditions at Ark Bayou created anoxic soil conditions suitable for methanogenesis further into 
the wetland than where measurements were confined.  Higher soil redox potential in Cow Oak 
Bayou may have been oxygenated enough to disrupt the denitrification pathway and produce 
N2O as an intermediate byproduct.   
 Virtually-identical CO2 emissions between Ark Bayou and Cow Oak Bayou averaged 
over multiple sampling days substantiate the gas emission results of this study by providing an 
important baseline by which to assess CH4 and N2O emission differences.  It is expected that two 
wetlands existing in such close proximity and exposed to similar conditions emit the same 
amount of CO2.  However, considering the hydrologic differences, CO2 emissions were expected 
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to be higher from Cow Oak Bayou where the water levels were lower and aerated by flow.  
Moore and Dalva (1997) found that aerobic respiration produces 2.5 times greater quantities of 
CO2 in moist peat soils under laboratory conditions than in submerged conditions where 
anaerobic respiration dominates.  This pattern was expected to be found in Cow Oak Bayou, but 
it is not.   
 It is possible that water levels provide a uniform barrier to CO2 diffusion, making water 
level differences between Ark Bayou and Cow Oak Bayou unimportant, but Moore and Knowles 
(1989) found a negative, linear relationship between CO2 emissions and surface water levels.  
Hydrologic effects on wetland CO2 emissions are unclear from the data presented in this study as 
no differences in means were found between Ark Bayou and Cow Oak Bayou, but Figures 18 
and 31 show CO2 emissions negatively-related with surface water depth.  Figure 18, however, 
does not portray a linear relationship, and Figure 31 does not show a strong relationship between 
CO2 emissions and water levels.  Means of CO2 emission from Ark Bayou and Cow Oak Bayou 
have small standard errors even with a small sample size, further suggesting that mean CO2 
emission rates are a more dependable way of assessing hydrologic effects on CO2 emissions.  
Increased sampling of multiple wetlands is necessary to determine if surface water levels provide 
a barrier to gas diffusion at a uniform rate or if there is a negative correlation between CO2 
emissions and surface water levels.  
6.3 Comparison with Other Studies  
 CH4-C emissions from farmland (-0.002 – 0.23 mg/m2/hr) are similar to those found by 
Imer et al. (2013) in Swiss agricultural soils (-0.008 to -0.032 mg/m2/hr); N2O-N emissions from 
farmland (7.4 – 73.0 µg/m2/hr) were also similar to that found by Imer et al. (2013) (15.2 – 129.8 
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µg/m2/hr); CO2-C emissions from farmland (6.7 – 15.0 mg/m2/hr), however were substantially-
lower than reported by Imer et al. (2013) for intensively-managed pasture soils (222.4 – 278.0 
mg/m2/hr).  
 CH4-C emissions from the riparian zone (0.2 – 17.4 mg/m2/hr) are slightly higher than 
those reported by Sha et al. (2011) for a dry riparian area along a wetland bank (-0.04 – 0.09 
mg/m2/hr).  N2O-N emissions from the riparian zone (3.4 – 73.2 µg/m2/hr) were within the range 
found by Hefting et al. (2003) for grassland riparian zones in the Netherlands (14.6 – 29.2 
µg/m2/hr). CO2-C emissions from the riparian zone (3.8 – 65.4 mg/m2/hr) were much lower than 
those reported by Sun et al. (2013) for riverine, grassland riparian zones in China (2.6 – 6.6 
g/m2/hr).   
 CH4-C emissions from wetlands (0.6 – 111.8 mg/m2/hr) are comparable to those from 
wetlands studied by Sha et al. (2011) in freshwater riverine marshes (0.33 – 85.7 mg/m2/hr).  
N2O-N emissions from wetlands (-40.4 – 69.3 µg/m2/hr) were similar to those found by Audet et 
al. (2014) in undisturbed wetlands located in agricultural catchments (-44 – 122 µg/m2/hr).  CO2-
C emissions from wetlands (-0.06 – 19.2 mg/m2/hr) are lower than those found by Koh et al. 
(2009) in flooded bottomland wetlands (18.1 – 127.4 mg/m2/hr) and by Clair et al. (2002) in a 
temperate wetland in Nova Scotia (19.0 – 42.9 mg/m2/hr).  
6.4 Gas Emissions from Agricultural Habitats  
 The results of this study indicate that there are hotspots of CH4, N2O, and CO2 emissions 
from the Delta agricultural landscape as farmland, riparian zone, and wetland habitat each had a 
unique emissions signature.  Gas emissions varied with soil moisture across the three habitats 
(Figure 21).  CH4 emissions were expected to be highest in high soil moisture locations, due to 
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the importance of anoxia for methanogenesis.  Several studies have found CH4 production rates 
to be highly-correlated with surface water due to the initiation of anaerobic respiration pathways 
(Moore and Dalva 1997, Altor and Mitsch 2006, Koh et al. 2009).  The results of this study 
confirm this hypothesis as CH4 emissions were positively correlated with soil moisture (Figure 
21, R2=0.31, p<0.0001).  Therefore, hotspots of CH4 emission do exist on the Delta agricultural 
landscape, and they are located in flooded and anoxic areas.  
 N2O emissions are minimized in flooded soils because anoxic conditions permit 
denitrification, a significant source of N2O, to go to completion and produce N2, instead of the 
intermediate N2O (Itokawa et al. 1996).  Despite the importance of soil pH, C, and N in 
regulating denitrification end products, O2 concentrations and variables controlling O2 
concentrations, such as soil moisture, are the most influential (Davidson et al. 2000).  Aerobic 
nitrification of ammonia to nitrate can also produce N2O intermediates in quantities comparable 
to those of denitrification when oxygen concentrations are depleted, but this process is 
suppressed under anoxic conditions (Panek et al. 2000, Merino et al. 2001).  O2 influences 
denitrification and nitrification in opposing ways, resulting in complex combinations of 
denitrification and nitrification-derived N2O emissions under field conditions.   
 Morse and Bernhardt (2013) hypothesized that N2O release from anoxic soils would be 
low due to complete denitrification and suppressed nitrification, while N2O release from fully 
oxic soils would also be low due to optimal nitrification and suppressed denitrification.  Using 
isotopic techniques, Morse and Bernhardt (2013) found about three times higher nitrification and 
denitrification rates on agricultural land than in riparian habitat, but, surprisingly, N2O emissions 
were lower from agricultural land.  N2O emitted from nitrification was found to increase with 
soil moisture, peaking at 71% soil moisture, while denitrification-derived N2O peaked at 33% 
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soil moisture (Morse and Bernhardt 2013).  The results of this study are generally in accord with 
those of Morse and Bernhardt (2013) as the highest N2O emission rates were found in farmland 
and riparian zone habitats with similar soil moisture levels as the locations from which Morse 
and Bernhardt (2013) recorded highest nitrification and denitrification-derived N2O emission.  It 
is likely that a combination of nitrification and denitrification is responsible for the N2O 
emissions seen from the riparian zone and farmland in this study.  Panek et al. (2000) found that 
denitrification was the dominant source of N2O emissions in moist soils in the first four days 
following irrigation, while nitrification dominated N2O emissions as soils became dryer over 
time.  Soil moisture was also an important factor influencing higher N2O emission rates from 
riparian zones compared to wetland habitat as moist conditions brought about higher N2O 
emissions than flooded conditions (Audet et al. 2014).  
  The results of this study suggest a strong influence of soil O2 on N2O emissions from 
denitrification and nitrification pathways across the three habitat types.  N2O emissions from 
flooded wetland habitat are likely due to denitrification because nitrification is carried out in 
aerobic conditions.  Concentrations of soil nosZ gene, the gene responsible for N2O reductase 
which converts N2O to N2 in the final step of denitrification (Henry et al. 2006), were compared 
across Mississippi Delta agricultural landscapes and found to be marginally-higher in wetland 
and riparian habitat than in farmland (p=0.07, Balachandran 2014, Unpublished Data).  
Denitrification, therefore, is occurring in wetland habitat, but, as the data in this study indicate, 
N2 is predominantly the final product instead of N2O.  Wetland hydrology is believed to 
determine whether a wetland acts as a source or sink of N2O (Figure 16).  
 N2O emissions (Figure 20) and NO3-/NO2- concentrations were highest in the farmland 
sites compared to riparian and wetland habitat (p<0.0001, Balachandran 2014, Unpublished 
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Data).  Due to lower soil moisture on the farmland, aerobic microbial activity in the form of 
nitrification is likely the dominant cause of N2O emissions from this habitat as opposed to 
denitrification.    Panek et al. (2000) found equivalent N2O emission contributions from both 
nitrification and denitrification on moist agricultural soils, showing that nitrification can be a 
significant N2O emission pathway.  Higher NO3-/NO2- concentrations in farmland further suggest 
that nitrification is occurring at high rates because of the build-up of N end products. High NO3-
/NO2- could be due to fertilizer application, but similar N concentrations were found on 
unfertilized soybean soils and fertilized corn soils indicating that microbial transformation 
pathways are the dominant source of N in agricultural soils (D. Balachandran 2014, Unpublished 
Data).  Riparian zone N2O emissions were not significantly different from farmland N2O 
emissions (Table 5), yet higher variability in riparian zone soil moisture conditions may have 
lead to a combination of aerobic and anaerobic conditions suitable for both nitrification and 
denitrification.  Morse and Bernhardt (2013) found a combination of nitrification and 
denitrification-derived N2O products from very moist soils.  In a similar way, it is possible that 
riparian zone N2O emissions are due to a combination of nitrification and denitrification-derived 
N2O products.  Though denitrification may be highest in Delta wetland habitats, N2O emissions 
are highest in moist areas on the agricultural landscape, suggesting a greater influence of 
nitrification under the aerobic soil conditions. 
 CO2 emissions showed an interesting trend with roughly-equivalent CO2 emissions from 
wetland and farmland, but significantly-higher emissions from the riparian zone.  This is 
consistent with research that found higher CO2 production from aerobic rather than anaerobic 
respiration (Moore and Dalva 1997).  A similar pattern was found in Mississippi bottomland 
forests, where CO2 emissions were highest in non-flooded conditions and lowest in flooded 
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conditions (Koh et al. 2009).  The results of this study show that microbial CO2 production is 
suppressed by overlying water in wetlands, but it is also constrained by a lack of soil moisture in 
farmland.  The importance of adequate soil moisture for maximum CO2 emissions is 
demonstrated by this pattern.  These results suggest that CO2 emission hotspots do exist on the 
Delta agricultural landscape, and they are located in areas of moderate soil moisture. 
 Xu and Qi (2001) found a similar pattern in CO2 efflux from soils at different soil 
moisture levels, with rising CO2 emissions until 20% soil moisture, followed by a decline in CO2 
emissions at higher soil moisture levels.  Water is a critical component of aerobic respiration 
(Kirchman 2012), but the relationship found in this study indicates oversaturation in wetlands 
and moisture limitation in farmland.  Though the point of optimum soil moisture for CO2 
emissions differs from the results of Xu and Qi (2001), the pattern is similar.  Soil nutrients may 
play a role in these differences as nutrient runoff from agricultural land may stimulate riparian 
microbial production.  No differences were found in soil nutrient content between wetland and 
riparian sites, though they may differ between riparian zone and farmland.  Had measurements of 
soil C and N been made in farmland, soil nutrient effects on CO2 emissions under non-flooded 
conditions in farmland and riparian zone could be explored more in depth.   
6.5 Gas Emission Models for Agricultural Habitats  
 Of the two variables measured in farmland, crop type was more important than soil 
moisture in predicting N2O and CO2 emissions, whereas soil moisture was the better predictor of 
CH4 emissions.  N2O and CO2 emissions were elevated in corn farmland and were not influenced 
by varying soil moisture levels.  Crop type was the only factor included in the best models for 
N2O and CO2 and may suggest fertilizer application to corn fields may stimulate microbial 
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activity to produce greater N2O and CO2.  CH4 emissions showed a positive relationship with soil 
moisture, reaffirming the hypothesis that anaerobic sediments are necessary for methanogenesis. 
 Differences in corn and soybean soils could be a result of fertilizer application, which is 
performed more frequently in corn soils than in soybean soils as soybean roots form symbioses 
with N-fixing bacteria. Mississippi Delta farmers fertilize corn fields several times throughout 
the spring and summer, while soybean fields are generally fertilized once in the spring (Abbott 
Myers, Personal Communication).  Mean N2O-N emissions from corn and soybean farmlands 
have been reported as 78.0 and 27.2 µg/m2/hr, respectively, thus indicating differences according 
to crop type (Chen et al. 1997).  N additions to corn soils may stimulate microbes to produce 
greater amounts of CO2 and N2O. The correlations between N2O and CO2 emissions to crop type 
are not strong (R2= 0.42 and 0.20, respectively) and suggest that more factors are needed to be 
included in the models to explain the variation in the data.  Although CH4 emissions were very 
low from agricultural soils, a strong positive correlation was found with soil moisture (R2=0.85).  
These results indicate that anoxic soil conditions suitable for CH4 production can be reached on 
farmland when irrigation or precipitation events add water to the systems.   
 In the riparian zone, soil moisture, biomass, soil C, and soil N were measured to assess 
relationships with gas emissions.  The AIC best models for all three gases included biomass as 
an important factor determining gas emissions from the riparian zone.  Furthermore, biomass 
was negatively-related with each gas indicating the negative effect of riparian vegetation on gas 
emissions.   The best model for CO2 emissions contained biomass as the only factor in the 
model, emphasizing its importance over hydrological variability and nutrient concentrations to 
affect CO2 levels.  Plant photosynthetic activity takes up CO2 from the air, and with higher 
amounts of aboveground biomass photosynthesizing, CO2 levels are shown to decrease (Figure 
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28).  This relationship is weak (R2=0.28), however, leaving much variability unexplained by this 
model.  Redox potential of the moist soils may be an important factor to include in future studies 
to account for riparian CO2 fluxes more adequately.   
 Riparian CH4 emissions were not significantly-affected by soil moisture, but biomass and 
soil N did affect CH4 emissions in a model that accounted for 52% of the variation in the data.  
Biomass raises soil O2 levels through root radial O2 loss, thereby raising the redox potential to 
above the range conducive for methanogenesis.  The significant correlation between soil N and 
CH4 emissions may suggest that the process is N-limited in the riparian system studied, such that 
increases in N content results in an increase in CH4 emissions.  The model for N2O emissions 
accounted for the most variation in the data (R2=0.60) of all three gases, with biomass being the 
most dominant predictor variable, followed by weak effects of soil moisture and the interaction 
of biomass and soil N.  Biomass has a moderate negative effect on emissions, which is surprising 
given the findings of Reddy et al. (1989) who found plant root rhizospheres are hotspots for 
nitrification and denitrification due to the creation of oxic-anoxic interfaces.  It is possible that it 
is within riparian plant roots that microbial N2O consumption as a result of high N cycling is 
decreasing overall N2O emissions from the soils.  Nevertheless, the negative relationships 
between biomass and CH4, N2O, and CO2 indicate that biomass is an important component 
influencing riparian gas emissions. 
 The AIC best model for CH4 emissions in wetlands indicates that the only significant 
factor affecting emissions is location.  The results of this study indicate that location is a very 
important factor in determining the magnitude of gas emissions from habitats on the agricultural 
landscape.  CH4 is believed to be greatly-affected by the hydrological differences found between 
Ark Bayou and Cow Oak Bayou, such that the stagnant conditions at Ark Bayou are more 
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conducive to CH4 emissions than at Cow Oak Bayou.  However, with a R2 of 0.58, there is still 
much variation unaccounted for in the model, indicating that other variables are important in 
predicting CH4 emissions from wetlands as well.   
 N2O emissions from wetlands were not well predicted by the variables measured in this 
study as the R2 was 0.48.  Plant species was the only main effect found to be significant along 
with nutrient interactions.  The AIC best model indicates there is much variation left unexplained 
by the variables measured.  Considering the complexity of the N cycle and the factors that 
influence N2O production from denitrification and nitrification, this is not surprising.  Wetlands 
are often N2O sinks, and less often N2O sources (Audet et al. 2014), making N2O emissions from 
wetlands difficult to predict under field conditions.   
 All factors measured in this study were included in the AIC best model for CO2 
emissions, with the exception of location.  The results show that hydrology, vegetation, and 
nutrient concentrations influence CO2 emissions to a high degree (R2=0.80), but as shown in 
Figure 16, there is no difference between CO2 emissions from Ark Bayou and Cow Oak Bayou.  
Relationships between variables such as surface water depth and plant biomass suggest that 
wetland location would have an effect on CO2 emissions, but this is not seen between two 
wetlands exhibiting distinct hydrologic, vegetative, and nutrient characteristics.  Further 
sampling is needed to assess the variability of CO2 emissions from wetlands in the Mississippi 
Delta.   
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CHAPTER 7 
 
SUMMARY AND CONCLUSION 
 
7.1 Summary  
 The first objective of this study was to assess the role of hydrology and vegetation on 
CH4, N2O, and CO2 emissions from agriculturally-impacted wetland and riparian habitats of the 
Mississippi Delta.  The hypothesis stated that vegetation would increase CH4 and N2O emission 
rates from wetland and riparian habitats due to plant conductance of soil microbial gaseous 
metabolites to the atmosphere and decrease CO2 emissions through plant photosynthetic uptake.  
Within wetland habitats, there were no differences in CH4 and N2O emissions between vegetated 
and non-vegetated chambers, while plant photosynthetic CO2 uptake was significant.  Within 
riparian habitats, vegetation had a moderate negative effect on CH4 and N2O emissions, and plant 
CO2 uptake remained high.  These results indicate that other factors, beside vegetation, are more 
important in regulating gas emissions from the wetland and riparian areas studied.  The 
locational differences between wetlands caused by agriculturally-altered hydrologic regime are 
believed to be the cause of the differences seen between Ark Bayou and Cow Oak Bayou gas 
emissions.  Plant biomass was found to be the most important variable regulating riparian gas 
emissions.  These results indicate that wetland gas emissions are influenced more heavily by 
hydrology than vegetation, while riparian zone gas emissions are influenced more by vegetation 
than by hydrology. 
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 The second objective was to explore the variability in gas emissions from three distinct 
habitats on the agricultural landscape due to biotic and abiotic factors.  The results showed high 
variability in gas emission rates across farmland, riparian zone, and wetland habitat exhibiting 
distinct soil moisture ranges.  Moderately strong relationships were found with soil moisture 
levels for each of the gases studied.  CH4 emissions were highest in wetland habitat and 
decreased into farmland, confirming the effect of moisture and anoxia on the process of 
methanogenesis.  N2O emissions were highest in farmland and lowest in wetland, but not 
statistically-different between farmland and riparian zone, illustrating the importance of aerobic 
conditions for N2O production from denitrification and nitrification.  CO2 emissions were highest 
in the riparian zone with similar and lower emissions from wetland and farmland, indicating that 
optimum soil moisture for aerobic respiration is found at the riparian site.  These results suggest 
that hotspots of CH4, N2O, and CO2 emissions are found on the agricultural landscape and that 
location plays a very important role in gas emission regulation. 
7.2 Recommendations for Future Research 
 In order to confirm that the results found in this study are representative of the larger 
Mississippi Delta region, inclusion of other wetland systems exhibiting similar characteristics as 
Ark Bayou and Cow Oak Bayou would provide an opportunity to see if locational differences 
based on varying hydrologic regimes are important factors.  The factors affecting N2O emissions 
are complex and vary greatly according to habitat, which makes further research into the 
dominant factors important in characterizing N2O emissions from agricultural land.  Special 
attention should be given to farmland N2O emissions because of widespread agriculture found in 
the Mississippi Delta, and more broadly in the Mississippi River Basin.  N2O emissions were 
found to vary between corn and soybean land, and understanding the underlying factors more 
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completely for this pattern will help agricultural engineers to minimize far-reaching negative 
effects of their operation. In order to gain a better understanding of the variability in gas 
emissions, detailed spatial patterns of microbial communities could show possible relationships 
with specific gas emissions.  This study presented a small amount of data on the methanogenic 
gene, mcra, in wetlands, but more can be done to explore these patterns in other habitats and at 
different times of the year.   
7.3 Significance of the Study 
 Above all, this study showed that hotspots of gas emissions do exist on the agricultural 
landscape with CH4 emitted in highest concentrations from wetlands, N2O from farmland, and 
CO2 from riparian zones.  The results also show that hydrological factors can influence gas 
emissions from wetlands more so than by vegetation.  This pattern was found in two wetlands in 
close proximity but with different hydrologic regimes.  Wetland hydrological differences can be 
used to identify locations on agricultural landscapes that emit high amounts of CH4 in order to 
manipulate the hydrologic regime to emit less CH4.  Differences in wetland hydrologic regime 
may be used to minimize CH4 emissions, but may at the same time increase N2O emissions.  As 
wetlands make up a large part of the Mississippi Delta, research is needed to determine the 
balance between CH4 and N2O emissions through wetland management strategies. Widespread 
agricultural practices in the Mississippi Delta may at times be significant N2O sources, with 
differences existing between corn and soybean farm fields.  The differences in N2O emissions 
between corn and soybean farmland has been observed by other agricultural researchers and 
presents opportunities for agricultural management by further studying ecosystem level 
processes and their impacts on biogeochemical cycling and regional air quality. 
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Table 15. Water chemistry from Ark Bayou (AB) and Cow Oak Bayou (COB) wetland sites. 
Wetland Habitat 
              
Site 
Water depth 
(cm) 
Temp 
(°C) pH 
SpC 
(µS/cm) DO (mg/l) 
Water ORP 
(mV) 
AB 86.4 29.7 5.72 105.4 1.1 284.7 
AB 68.5 28.3 5.57 109.2 1.9 309.2 
AB 50.8 24.9 5.61 121.6 3.6 352.4 
COB 4 29.8 6.01 287.4 10.8 289.1 
COB 15 30.9 7.42 370.4 8.6 310.5 
COB 23 32.2 7.56 420 7.2 317.2 
AB 33 31.6 6.02 253.6 3.2 273.3 
COB 4 31.1 6.72 241.8 7.7 291.3 
COB 12 29.5 6.35 207.4 6.8 323.6 
AB 14 29.3 5.93 214.8 4.7 298.4 
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Table 16. Soil redox potential, or oxidation-reduction potential (ORP) of soils at Ark Bayou 
(AB) and Cow Oak Bayou (COB) wetland sites, riparian zone, and soybean and corn farmland.   
  Soil ORP (mV) 
Site 1 2 3 Mean 
AB -142.3 N/A N/A -142.3 
AB -85.1 12.5 28.2 -14.8 
AB -73.1 -41.6 59.3 -18.467 
COB -60.7 56.5 112.8 36.2 
COB -34.2 7.5 98.4 23.9 
COB -76.7 -48.4 26.5 -32.867 
AB -102.6 -82.3 19.9 -55 
COB -9.6 40.1 131.8 54.1 
COB 48.3 95.6 107.1 83.6667 
AB -65.7 -39.2 42.3 -20.867 
Riparian -264.5 -5.9 61.6 -69.6 
Riparian 3.3 198.3 259.8 153.8 
Riparian 33.2 165.9 118.3 105.8 
Riparian -147.2 87.9 174.3 38.3333 
Soybean (Wet) 77 16 5 32.6667 
Soybean (Moist) 150 N/A N/A 150 
Soybean (Dry) 196 N/A N/A 196 
Corn (Wet) 140 168 N/A 154 
Corn (Dry) 225 256 N/A 240.5 
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Table 17. Mean gas emission rates calculated from individual chambers deployed in wetlands 
encapsulating both vegetated and non-vegetated sites within different plant patches. 
    No Vegetation Vegetation 
Date Plant 
mg CH4-
C/m2/hr 
µg 
N2O-N 
mg 
CO2-C 
mg CH4-
C/m2/hr 
µg N2O-
N 
mg 
CO2-C 
6/5/2013 P. persicaria 19.28 -12.63 7.95 32.95 -3.73 -6.56 
6/5/2013 P. persicaria 43.74 -14.18 8.50 32.15 -15.40 -8.12 
6/5/2013 P. persicaria 35.57 -11.78 7.07 69.60 -10.21 -7.19 
6/5/2013 P. persicaria 14.35 -4.57 10.57 9.86 -18.47 -2.38 
6/11/2013 P. persicaria 10.94 -4.35 3.61 4.72 -8.70 -2.22 
6/11/2013 P. persicaria 16.86 -7.54 3.89 18.30 -19.11 -4.86 
6/11/2013 P. persicaria 34.94 -16.25 8.07 9.84 -0.02 -4.90 
6/11/2013 P. persicaria 14.47 -18.16 11.28 14.74 -16.50 -6.90 
6/15/2013 P. persicaria 2.26 12.29 9.65 9.32 5.09 -1.20 
6/15/2013 P. persicaria 3.56 0.76 9.86 8.51 12.21 0.45 
6/15/2013 P. persicaria 5.12 5.35 8.62 2.81 5.19 -3.66 
6/15/2013 P. persicaria 8.80 15.34 9.58 3.90 9.21 -4.79 
7/5/2013 L. spongia 0.75 39.56 18.59 0.60 54.63 -2.75 
7/5/2013 L. spongia 2.92 27.16 19.21 0.90 29.88 -0.42 
7/5/2013 L. spongia 2.11 6.25 13.34 4.01 42.06 2.17 
7/5/2013 L. spongia 4.66 8.99 14.36 1.62 39.26 -3.55 
7/8/2013 L. spongia 2.02 49.45 1.89 2.74 -40.40 -2.82 
7/8/2013 L. spongia 1.10 26.74 1.30 3.99 69.30 -1.40 
7/8/2013 L. spongia 2.77 -19.69 3.55 2.18 39.61 -2.60 
7/8/2013 L. spongia 2.03 45.82 -0.06 4.03 9.42 -0.86 
7/13/2013 L. spongia 3.31 27.80 4.80 1.40 34.05 -2.27 
7/13/2013 L. spongia 0.81 30.33 6.43 1.60 26.38 -2.86 
7/13/2013 L. spongia 1.37 52.61 2.86 1.04 16.21 -1.86 
7/13/2013 L. spongia 0.32 47.22 5.69 0.58 34.31 -1.11 
8/23/2013 P. persicaria 69.09 -29.32 7.43 69.32 -28.49 -1.12 
8/23/2013 P. persicaria 111.80 -30.48 13.55 87.46 -30.50 -1.22 
8/23/2013 L. spongia 37.94 -28.19 15.76 4.94 -27.94 17.59 
8/23/2013 L. spongia 7.34 -27.84 18.37 3.79 -29.59 5.46 
8/28/2013 S. latifolia 6.58 13.11 8.26 1.71 0.26 3.50 
8/28/2013 S. latifolia 6.93 9.43 8.79 4.79 -6.97 3.62 
8/28/2013 S. latifolia 18.13 13.49 10.78 9.31 26.62 2.57 
8/28/2013 S. latifolia 7.77 9.31 3.76 8.13 5.33 0.12 
8/28/2013 L. spongia 47.10 13.90 12.60 11.53 10.99 -1.63 
8/28/2013 L. spongia 9.08 15.87 7.14 26.51 -3.39 -1.77 
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Table 18. Mean gas emission rates calculated from individual chambers deployed in the riparian 
zone encapsulating both vegetated and non-vegetated sites within P. gymnocarpon patches. 
    No Vegetation Vegetation 
Date Plant 
mg CH4-
C/m2/hr 
µg 
N2O-N 
mg 
CO2-C 
mg CH4-
C/m2/hr 
µg 
N2O-N 
mg 
CO2-C 
6/17/2013 
P. 
gymnocarpon 0.37 58.63 38.14 0.03 14.00 1.94 
6/17/2013 
P. 
gymnocarpon 0.29 73.23 65.36 0.38 11.73 15.20 
6/17/2013 
P. 
gymnocarpon 0.47 34.52 36.29 0.20 11.82 13.76 
6/17/2013 
P. 
gymnocarpon 0.96 21.14 3.76 0.71 23.95 25.93 
6/22/2013 
P. 
gymnocarpon 1.62 256.69 24.69 0.14 -2.52 2.92 
6/22/2013 
P. 
gymnocarpon 3.01 46.47 18.73 1.50 21.50 3.04 
6/22/2013 
P. 
gymnocarpon 0.18 68.25 16.58 0.07 10.41 0.48 
6/22/2013 
P. 
gymnocarpon 0.46 61.63 28.38 0.17 18.36 12.06 
7/5/2013 
P. 
gymnocarpon 0.29 21.39 8.54 12.58 20.51 31.01 
7/5/2013 
P. 
gymnocarpon 17.35 56.02 57.82 0.58 11.76 0.45 
7/5/2013 
P. 
gymnocarpon 6.10 11.88 61.08 0.36 20.97 0.90 
7/5/2013 
P. 
gymnocarpon 13.05 3.43 23.99 12.27 26.25 1.69 
8/23/2013 
P. 
gymnocarpon 9.03 9.47 20.17 0.66 -0.54 3.03 
8/23/2013 
P. 
gymnocarpon 7.61 25.09 24.77 7.79 -27.57 20.33 
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Table 19. Mean gas emission rates calculated from individual chambers deployed in soybean 
and corn farmland. 
Date Crop 
Soil Moisture 
(%) 
mg CH4-
C/m2/hr µg N2O-N mg CO2-C 
7/3/2013 Soybean 32.5 0.10 30.04 9.71 
7/3/2013 Soybean 32.5 0.10 65.61 8.93 
7/3/2013 Soybean 32.5 0.11 40.31 8.74 
7/3/2013 Soybean 23.5 0.05 49.28 7.87 
7/3/2013 Soybean 23.5 0.05 51.26 10.20 
7/3/2013 Soybean 23.5 0.05 60.23 8.15 
7/3/2013 Soybean 20.1 0.10 29.02 13.06 
7/3/2013 Soybean 20.1 0.07 49.18 8.86 
7/3/2013 Soybean 20.1 0.15 23.52 14.48 
7/3/2013 Soybean 100 0.19 58.46 14.34 
7/3/2013 Soybean 100 0.19 7.42 8.73 
7/3/2013 Soybean 100 0.18 47.92 10.95 
7/16/2013 Corn 29.2 0.10 43.80 10.40 
7/16/2013 Corn 29.2 0.09 28.72 10.22 
7/16/2013 Corn 29.2 0.23 62.95 6.69 
7/16/2013 Corn 29.2 0.11 72.96 14.97 
7/16/2013 Corn 21.7 0.00 47.37 11.93 
7/16/2013 Corn 21.7 0.00 54.00 8.01 
7/16/2013 Corn 21.7 0.01 62.37 8.93 
7/16/2013 Corn 21.7 0.01 60.65 7.83 
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